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PREFACE 


The purpose of this book is to describe briefly the chemistry o 
polymers, particularly those of commercial importance, and their a]: 
plication. ^Much of the material has been used in ESMDT an 
ESMWT courses in plastics griven at Franklin and Marshall College 
Since the chemistry of synthetic resins and rubbers has not previousl 
been covered in a single volume, the material has been assembled an 
is now offered in book form. 

Chemical names have been used throughout to describe the syntheti 
resins and rubbers. The chart which I prepared for Plastics Catalot 
1943 , gives the trade names of many of the materials described in th 
book. 

Technical literature from the following companies has been used i 
source material, and their cooperation has been of considerable assis 
ance in preparing this book: American Cyanamid and Chemical Co: 
poration, Bakelite Corporation, Carbide and Carbon Chemicals Corpor: 
tion, Dow Chemical Company, E. I. du Pont de Nemours and Compan; 
Durez Plastics and Chemicals, Hercules Powder Company, Monsani 
Chemical Company, Pennsylvania Industrial Chemical Corporatioi 
Plaskon Company, Resinous Products and Chemical Company. Rohi 
and Haas Company, Shawinigan Chemicals, Limited, and Tenness< 
Eastman Corporation. 

Dr, K. H. Weber of the Armstrong Cork Company gave me valuab 
assistance in preparing the manuscript, and he wrote the chapter c 
synthetic rubber. Mr. A. S. Hussey of Ohio State University co 
laborated in writing the chapter on phenolic resins. I wish also i 
thank my colleagues for many useful suggestions. 

Paul O. Powers 

Laxc-\ster, Pennsylvania 

August, 1943 
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PART L THEORIES OF POLYMER 

FORMA TION 


CHAPTER 1 

INTRODUCTION AND STATISTICS 

Synthetic resins have shown a remarkable increase in the last decac 
in the number of types commercially available, in the expansion c 
production of all types, and in new fields of application they ha\ 
found. The scientific study of the methods by which synthetic resir 
are formed and of the properties of resinous materials has been increa 
ingly active during this period. Nearly all types of S 3 mthetic resit 
are now largely used for war purposes, and many types are now r 
stricted in use to war needs. 

Synthetic rubber has been the goal of many researches in the la 
eighty years and has been produced in this country commercially f( 
over ten years. The types of sjmthetic rubber ofiFered up to now ha^ 
been able to justify a higher place than natural rubber because of ce 
tain superior qualities. With the advent of war in the Far East ar 
the consequent cessation of imports of natural rubber, it has becon 
imperative to produce large quantities of synthetic rubber which w 
be able to replace rubber in all its uses. The expansion alread}'^ plann< 
in this field will dwarf the present s^mthetic resin production. 

It is fortunate that the development of s^mthetic resins has progress' 
to its present stage since some of the raw materials for resins are al 
used for synthetic rubber and methods for their manufacture are w 
developed. The methods and technique of producing synthetic rubb 
are quite similar to those employed for synthetic resins. Thus mu 
of the knowledge of resins is applicable to the study of the formation 
synthetic mbber. 

History 

The history of the development of synthetic resins and synthetic rv 
bers extends over a century. This may be somew'hat surprising in vi< 
of the recent commercial development of many of the types now on t 
market. A list of some of the significant dates is given below. It 

1 
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IXTRODCCTIOX AXD STATISTICS 


be noted that polysu-rene, poly\4nyl, and polyvinylidene chloride were 
prepared before 1840. Such resins may well have been somewhat im¬ 
pure and not comparable to the resins produced today. It was recog¬ 
nized. however, that unsaturated organic compounds could be trans¬ 
formed readily to transparent resinous materials. The commercial de¬ 
velopment did not take place until the many factors in the preparation 
of raw materials and of the resin and methods of using the resulting 
product had been carefully studied. 

The nature of the reactions leading to resin formation was not clear 
until comparatively recently, and some early investigators regarded the 
resulting resins as oxidation products although it was later showm resins 
could be formed when air was excluded. 

Bv 1860. several of the vinyl poKmers. polyesters, and cellulose esters 
had been prepared, and a start had been made on the preparation of 
s}Tithetic rubber. In 1867. the use of camphor to plasticize nitrocellu¬ 
lose was developed, and the utilization of synthetic plastics dates from 
that time. 

Bv 1910, however, there was little further commercial development 
of s\Tithetic resins. Phenolic resins were just being introduced as mold¬ 
ing materials. Esters from phthalic anhydride had been prepared, and 
aciylic resins were being developed. There had been much interest in 
5 \-nthetic rubber, still centering largely on isoprene, although it was 
recognized that other diolefins also gave materials somewhat resem¬ 
bling rubber. 

The first World War stimulated the growth of the organic chemical 
industrv- in the United States, and the close of the war marked the 
beginning of the large-scale development of sjmthetic resins. The use 
of phenolic resins increased rapidly in this period; urea and polyester 
re.sins were first produced in large quantities between 1920 and 1930. 

Study of the underlying principles of resin formation was actively 
pursued in this period, with the result that there was a much more 
complete understanding of the nature of the process of polymerization. 
The work of Staudinger established the large molecular size of certain 
synthetic and natural materials. Carothers’ studies of polyesters and 
polyamides greatly clarified the process of polycondensation. The work 
of these and many other investigators made great headway toward un¬ 
derstanding the methods of formation of large pohaners and their pro^ 
erties. Houwink correlated the physical properties of many polymeric 

materials with their chemical structure. 

The decade 1931-1940 witnessed the commercial production of sev¬ 
eral new synthetic rubbers. Polychloroprene was the first synthetic 
rubber to be commercially produced in competition with the natural 



OUTLIXE OF SYNTHETIC POLYMER DEVELOPMENTS 

product. The introduction of new types of resins was particularly fr« 
quent during this period. 

The year 1942 was principally concerned with the rapid increase c 
s>Tithetic rubber production. New types of synthetic rubber and syr 
thetic resins were developed. Future expansion will probably be greate 
than any in the past, with large production in many types making ne’ 
uses possible when the present war necessity has passed. 

HISTORICAL OUTLINE OF SYNTHETIC POLYMER 

DEVELOPMENTS 

1831—Benastre isolates styrene. 

1833—Berzelius introduces term polymer. 

Ig38—Regnault prepares vinyl chloride, vinylidene chloride, an 

polymers. 

1839—Simon polymerizes st^'rene. 

1843—Redtenbacher isolates acrjdic acid. 

1846— Schonbein prepares cellulose nitrate. 

1847 — Berzelius prepares polyesters from glycerol and tartaric aci 
1856—Schutzenberger and Naudin prepare cellulose acetate. 

1850—Williams isolates isoprene from products of thermal decon 

position of rubber. 

1863—Caventow isolates butadiene. 

1865—Frankland and Duppa prepare esters of methacr\'lic acid. 
1868—Hyatt plasticizes cellulose nitrate with camphor. 

1872— Baeyer studies reaction of phenol with aldehydes. 

Bauman studies polyvinyl chloride. 

1873— Butlerow and Gorianov prepare polyisobutylene. 

1875—Bouchardat prepares “rubber^-*' material from isoprene. 
1890—Kleeberg studies reaction products of phenol and formald 

hyde. 

Kraemer and Spilker polymerize coumarone and indene. 
1892—Tilden notes spontaneous polymerization of isoprene to a ru 

ber-like product. 

1896—Goldschmidt's study of urea formaldehyde reaction produc 

1900— Kondakov prepares synthetic rubber from 2,3-dimethyIbut 

diene. 

1901— Rohm begins study of acr^'lic resins. 

W'atson Smith studies phthalic anhydride glycerol reaction. 
1905—Miles prepares acetone-soluble cellulose acetate. 

Suida prepares methylcellulose. 
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1907—Baekeland announces phenol aldehyde resins; commercial pro¬ 
duction lx*gim. 

1909— Callahan—Glycerol phthalic anhydride resins. 

1910— Mathews and Harries independently announce use of sodium 

as catalyst for synthetic rubl>er. 

I^bedev prepares s>Tithetic rubber from butadiene, 

1912—Ethylcellulose prepared. 

Ostromysslenskii studies polyvinyl chloride. 

W'ohl and Mylo, Klatte prepare vinyl acetate. 

1917—Gibbs and Conover, Wohl prepare phthalic anhydride by cata¬ 
lytic oxidation of naphthalene. 

1920—H. John prepares urea aldehyde resins. 

Furfural phenol resins produced commercially, 

1924— Lauter prepares alcohol-soluble urea resins. 

1925— Commercial production of polyvinyl acetate. 

Commercial production of coumarone-indene resins. 
Commercial production of phthalic anhydride resins. 

Katz—X-ray pattern of rubber. 

1926— Fisher prepares cyclized rubber using sulfonic acids. 

Synthetic phenol from chlorobenzene. 

1927— Cellulose acetate plastics introduced. 

1928— Urea formaldehyde resins produced in the United States. 

1929— Carothers’ study of polyesters. 

1931 — Acrylic resins produced commercially in the United States. 

\^inyl chloride resins produced commercially. 

Polychloroprene rubber described and commercial production 

begins. 

1932— Staudinger, “Die hochmolekular organische Verbindungen.” 

Patrick produces polysulfide rubbers. 

Carothers describes polyamide fibers. 

1934— Houwink—physical properties and structure. 

1935— Polyisobutylene produced in the United States, 

1937— Polvstyrene produced in the United States. 

Fthylcellulose produced commercially. 

Copolvmer butadiene rubbers announced, 

1938 — Commercial production of polyamides. 

1939— Commercial production of melamine resins in the United 

States. 

1940_Polyvinylidene chloride produced commercialfy. 

Butadiene copolymers produced in the United States. 
1942_Program for 870.000 tons of s>-nthetic rubber annually in the 

United States adopted. 












PRODUCTION OF SYNTHETIC RESINS AND RUBBERS 

PRODUCTION OF SYNTHKTIC RESINS AND RUBBERS 
Resins from Cellulose 

Cellulose nitrate has been employed in plastics for many years, sinc^ 
Hyatt first used it in 1868. The use of cellulose nitrate in explosive; 
and lacquers is undoubtedly much larger. Figure 1 shows the produc¬ 
tion of cellulose ester resins since 1935. The 1942 production is esti- 



Boreaa of Census Statistics 
1942 Production from First 6 Mos. 

Fig. 1. 

mated as twice the first six months* production. It will be noted tha 
the use of cellulose nitrate in plastics has been fairly constant at af 
proximately 20 million pounds annually. 

The consumption of cellulose acetate in plastics has shown a larg 
growth since 1938, largely in powders for thermoplastic molding. Th 
production in 1941 amounted to over 37 million pounds. This doc 
not include use in yarns or lacquers. 

Production figures for cellulose ethers are not available. They ha\ 
only recently been introduced, and their production is rather smallc 
than that of the esters, but it is increasing. 
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Coal-Tar Resins 

Two types of resins, the phenolic resins and phthalic anhydride resins, 
make up the bulk of the production of coal-tar resins. It -will be noted 
(Figure 2) that the production of both t^-pes of resins has increased 
greatly in the last decade. The production of phenolic resins in 1941 
was over 156 million pounds and of phthalic acid resins was over 128 
million pounds. The other large items in the group are coumarone- 



Fic. 2. 

indene resins, of which over 24 million pounds were produced in 1940, 
and maleic acid resins, of which over 9 million pounds were produced 

in 1941. 

Other resins of this tvpe include sulfonamide resins and polystyrene, 
for which production statistics are not available. 


Non-Coal-Tar Resins 

S\Tithetic resins not derived from coal tar have shown an even more 
rapid rate of increase. Urea resins are the only resins in this class for 
which production figures are available, the production in 1941 exceed¬ 
ing 34 million pounds. The resins in this group listed as “all other 
( Figure 3) include polvvinyl acetate, pohwinyl chloride and copoly¬ 
mers, acrylate resins, polyvinylidene chloride, polyamides, and polyter- 


oenes. 


PRODUCTIOS OF SVXTHETIC RESIXS AXD RUBBERS 

The 1941 production of synthetic resins was approximateK oOO mil 
lion pounds. 


Cellulose esters (plastics) 
Coal-tar resins 
Xon-coal-tar resins 

T otal 


56.6 million pounds 
343.7 million pounds 
94.1 million pounds 

U94.4 million oounds 



Synthetic Rubber 

The production of synthetic rubber up to 1941 was considered a re 
markable and outstanding development. As far as volume goes, it wil 
be seen the production at that time (Figure 4) was relatively negligibl 
when compared to what it is planned to produce in the coming year; 
It should be noted that the scale in Figure 4 is in thousands of long ton; 
or 2.24 millions of pounds, whereas the scale in the earlier figures ha 
been in millions of pounds. It is apparent that the expansion in syr\ 
thetic rubber production is a larger undertaking, at least in volum< 
than the production of s\Tithetic resins is at present. 


Raw Materials 

The present program for increased s^-nthetic rubber production ha 
called attention to the wide choice of raw materials for synthetic resir 
and s>nthetic rubber. It is almost true that any material containin 
carbon can be used. The properties of raw materials are given i 

Table I. 

Coal tar has been the greatest single source of raw materials for s 3 t: 
thetic resins. Phenol is separated from coal tar, but because th 
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PRODUCTION OF SYNTHETIC RESINS AND RUBBERS 

amount recovered is not nearly enough for the production of phenolic 
resins, coal-tar benzene is converted to phenol. The higher homology 
of phenol, the cresols and xylenols, are also present in coal tar and arc- 

used in phenolic resins. 

Naphthalene is used for the production of phthahc anhydride 
Maleic anhydride is obtained as a by-product, but can also be produced 

by oxidation of benzene or olefins. 



Unsaturated coal-tar naphtha fractions are polymerized to yield the 
coumarone-indene resins. Gas-tar oils contain indene and styrene which 
are used to produce synthetic resins. 

Coal also is the source of coke which is used in the manufacture of 
calcium carbide. From the latter acetylene, the raw material for vinyl 
acetate and vinyl chloride, chloroprene for synthetic rubber, and acetic 
anhydride for cellulose acetate are made. 

Petroleum is becoming more widely used as a source of raw mate¬ 
rials for synthetic resins and synthetic rubber. Aromatic materials, 
toluene and hydrogenated naphthas are now produced from petroleuTu. 
Butadiene, isobutylene, both used in synthetic rubber, are obtained from 
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Fig. S. Resins from Coal Tar. 
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UTILIZATION OF RESINS 

petroleum. Ethylene is largely obtained from cracked petroleum gases 

and is used for vinyl chloride and acrylic esters, and styrene. 

Alcohol from grain or molasses is also a source of ethylene, althoug 
it is usually too expensive from this source. Alcohol is used as a sUrt- 
ing material for butadiene, the principal raw material for synthetic 

rubber, -j * 

Turpentine can be converted to isoprene or can be polymerized to a 

useful resin. Cellulose from cotton linters or from wood pulp is used 
for cellulose esters and ethers. 

Some of the synthetic resins and synthetic rubbers, from various raw 
materials, coal tar, caldum carbide, ethylene, propane and butane, and 
cellulose, rubber and rosin, and the steps in their manufacture are 

shown in Figures 5-9. 

UTILIZATION OF RESINS 

Synthetic resins and synthetic rubbers are finding wider fields of ap¬ 
plication as their properties are modified for new uses and as new types 
of resins are develop^. There are, however, certain methods of appli¬ 
cation that include most of the uses to which synthetic resins are put. 

Molding 

Resins may be shaped into useful articles by pressing in a mold of 
the desired shape. There are several methods of molding, depending 
on the nature of the resin used. If the resin hardens on the application 
of heat, it may be molded by pressing in a heated mold and removing 
while still warm. If the resin is permanently fusible, it is necessary 
to heat and cool the mold, or preferable to inject the fluid resin into a 
cold mold from which it can be removed almost immediately, 

Resins may also be formed without application of pressure by heat¬ 
ing in a mold until they harden. Such resins are “cast resins.” 

Resins may also be shaped by extruding in a softened state through 
a die; tubes, rods, strips, and filaments may be formed by this method. 

Coatings 

Synthetic resins are widely used as surface coatings on metal, wood, 
fabrics, and paper and on molded plastics. For applications of this 
type they are usually used in solution or in emulsion. The solution or 
emulsion may be applied in many ways, by brushing, spraying, dipping, 
roller coatii^, or calendering. 
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Synthetic resins are used with paper and fabrics to form laminated 
materials. The paper or fabric is impregnated with the resin, usually 
in solution. Several sheets are then pressed together. 

Adhesives 

Several types of synthetic resins are used successfully for joining 
surfaces. The resin is usually applied in a softened condition and sub¬ 
sequently hardened. This setting is accomplished by removal of sol¬ 
vent, by cooling, or by further pol>Tnerization of the resin. 

Uses of Synthetic Resins and Synthetic Rubbers 

The uses of synthetic resins are widespread, and they are encoun¬ 
tered in everyday life. Radio cabinets, glasses, pens and i>encils, knobs 
and dials are a few of the common articles often made from synthetic 
resins. All of them are made by the molding process. Finishes on 
automobiles are largely sjmthetic resins, often applied by spra3dng. 
Paints frequently are made at least in part from synthetic resins. The 
decorative strips around tables and sinks may also be a synthetic resin, 
particularly in recent months when metal is no longer used. Strips of 
this type are usually made b}" the extrusion method- Laminated pieces 
are perhaps not so familiar, although the breaker strips in electric ice 
boxes are frequently of this material. Plywood is often bonded with 
synthetic resin adhesives, and veneers in furniture manufacture are 
made with various resin adhesives. 

Synthetic rubber has many of the uses of natural rubber, and it is 
employed particularly w'here oil or solvents may be encotmtered. Gas¬ 
kets, tubing, and seals are often made of synthetic rubber- Gloves and 
aprons that come in contact with oils or solvents are made of synthetic 
rubber, 

SjTithetic resins are widely used in war materials. Resins with a 
high chlorine content are non-flammable and are used for cable cover¬ 
ing and for flameproof fabrics. Synthetic resins are used for trans¬ 
parent enclosures in all types of planes. The blisters and noses of 
bombing planes are made of such resins, as are eyepieces of some tyq)es 
of gas masks. Plastics have been successful in replacing metal in some 
instances, and have the advantage of being lighter in weight. Large 
switchboards and panels are made of laminated plastics. Many elec¬ 
trical fittings and fixtures are molded from synthetic resins, and also 
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pistol and gun grips. Many other applications have been found for 

synthetic resins on ships, for ordnance, and in planes. 

' Synthetic resins are used in making laminated wood for tramm” 
planes, for propellers, and for many other products. Some types of 
synthetic resins are restricted to war purposes and many otlicr t\pcs 
are largely confined to war needs. 
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Synthetic resins and s>Tithetic rubbers may be described as pol 3 miers. 
A polymer is a large molecule formed by the chemical combination of 
several molecules. The term large is somewhat wide in scope and may 
include materials 500 to 500,000 in molecular weight. The small mole¬ 
cules which vmite to form the large molecule may all be the same or of 
two, three, or four different molecular speaes. The process by which 
they are formed is polymerisation. The starting material is the mono¬ 
mer, and the poKmers are designated b^^ the Greek prefix relating to 
the number of molecules which are united in the pioKmer. Thus, tw’O 
molecules form a dimer ; three a trimer; four a tetramer. The simplest 
repeating unit in a poljmer is a segment, which is not necessarily iden¬ 
tical with the monomer in chemical composition. 

Types of Poisoners. The skeleton of pol>mers often consists of 

long chains of carbon atoms, although oxygen, nitrogen, or sulfur may 
also be present in these chains. These chains may vary in length from 
ten to ten thousand carbon or other atoms. Side groups are not neces¬ 
sarily present, but in most poK-mers we find alkyl, aryl, halogen, nitrile, 
alcohol, ester, ketone, or other groups. The properties of the pohuier 
are greatlv modified by the nature of these side groups. Pol>Tners of 
this t>pe are linear pol^^ners. In certain po^miers it is believed that 
the long chains are attached to several shorter chains of the same t>pe, 
forming branched polj-mers. Also, it is possible to introduce bonds 
between the long chains. These bonds may be comparatively few. only 
one or two to a chain, and the poljTners thus formed are cross-linked 
polymers. Linear polymers are usually fusible and soluble whereas 

cross-linked pohmers are insoluble and infusible. 

Poh-mers are* formed by two methods, condensation pol>Tnerization 

and vinyl pols merization. In condensation pol>Tnerization, a by-prod¬ 
uct, often water, ammonia, hydrogen chloride, or sodium chloride, is 
forined in addition to the polymer. The pol>Tner, therefore, has a dif¬ 
ferent ultimate analysis from the monomer. In vinyl polymenzation, 

the monomeric molecules react to form the polymer wuthout forming 
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any other products, and the ultimate analysis of the polymer is the same 
as that of the monomer. For this reason this type of polymerization 
has also been termed addition polymerization. Vinyl polymerization is 
so called because many of the materials which polymerize in that man¬ 
ner may be considered as derivatives of vinyl alcohol, H 2 C=CHOH. 
When two or more types of vinyl compounds are combined in the 
polymer, the product is a copolymer. The term interpolymer is also 

used. 

Certain side groups in polymer chains have a much greater tendency 
to establish forces between chains than others. With a long chain and 
many points of contact, the eflFect of these forces may be considerable. 
Mark (10) * has recently suggested that the nature of a polymer is 
largely dependent on the type of side groups. If —OH or —NH 
groups are present, as in cellulose or proteins, there is large interaction 
by hydrogen bonding, and the polymer is a fiber. If there is little 
interaction between the long chains, as in hydrocarbons, the polymer 
is a rubber. In resins, the forces are intermediate between fibers and 
rubbers. 

CONDENSATION POLYMERIZATION 


A reaction which proceeds with the formation of water is commonly 
referred to as a condensation reaction. The combination of ethyl al¬ 
cohol with acetic acid to form ethyl acetate and water is such a reaction. 
This reaction does not lead to polymers. If ethylene glycol is used in 
place of ethyl alcohol, glycol diacetate and water, but no polymers, are 
formed. If, however, ethylene glycol and succinic acid are condensed, 
a polyester of high molecular weight is produced. When equivalent 
quantities of glycerol and succinic acid are condensed, a viscous poly¬ 
ester results which becomes an insoluble and infusible gel before con¬ 
densation is complete. 

o 

CHiCHiOH + CHiCOOH — H|C—OCHjCHj 

O O 

HOCHsCHsOH -f- 2CH,COOH - H,C—C—OCHjCHy-oicH, 

r O O -| 

HOCHjCHjOH + HOOCHjCHjCOOH - L— OCH,CHr-0—<!:—CH,CH,i—J „ 


H 

HC—OH 

I 

HC—OH + HOOCCHjCHtCOOH — 

HC—OH 
H 



* These numbers refer to the references at the end of the chanter. 
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It will be seen that the type of reaction product is dependent on the 
number of h\ drox3-l or carboxyl groups in the alcohol or acid. Such 
reactive groups are functional groups, and the functionality of a mole¬ 
cule is the number of groups it contains which can condense to form a 
bond with another molecule. Ethylene glycol has a functionality of 
two. and glycerol has a functionality of three. 

In the above examples of polyester formation, the molecules were 
of the type .rAjc and yBy. where .r and y represent hydroxyl and car¬ 
boxyl groups. Compounds of the type xAx also may form polymers 
as ethylene glycol may be condensed to form a polyether. 

HOCHoCHoOH HOCHsCHoOCHsCHsOCHoCHsOCHaCHaO- -• 

The reactive groups of a molecule may be dissimilar and compounds 
of the type .vAy form polymers where the groups x and y are mutually 
reactive. Thus, oj-hydroxylundecanoic acid forms a linear polymer by 
self-esterification. 


HO(CH2)ioCOOH 


O 


HOfCHilio—C—0(CH2) 


10 


O 

II 

C—0(CH 


O 

li 


o 

II 



An abbreviated formula for condensation polymers is usually em¬ 
ployed in which the repeating unit or segment is enclosed in the paren¬ 
theses. and the subscript designates the number of times the unit re¬ 
peats in the polymer. Since there is an unreacted group at each end 
of the chain, these are shown outside the parentheses. Thus, the dec- 
amer of tu-hvdroxvundecanoic acid is 


HO 


(CHo) 


10 


O 

li 

c 


o 


10 


H 


Rifunctional molecules lead to the formation of long chains, often 
referred to as linear polymers. The length of the chain depends on 
the e.xtent of the condensation reaction, the chains becoming very long 

as condensation approaches completion. 

The length of tlie chain may be limited by the addition of some mono¬ 
functional materials with the difunctional compounds. If a mixture 
of acetic acid and succinic acid is condensed with ethylene glycol, each 
molecule of acetic acid which condenses ends a chain, and the size of 
the chains is decreased in proportion to the amount of monofunctiona 

material pre-eiit. 

ICHjCOOH -r 2 HOOCCH 2 —CHjCOOH -h iHOCH-CHjOH - 

o o O o O O 

H^CC-OC H2C H2-0-CC H 2 CH 2 C-O-C H2CH.^OC-CH2CH^C-OCH2CH,(>-CCH, 



cos DENS A TIOS POLYH ERIZA TI OS 




Since unreacted groups are present at the ends of the chain-,, the 
length of the chains is also decreased by the use of an exce>s of one 
of the difunctional materials. When an excess over the equivalent 
amount of ethylene glycol is condensed with succinic acid, the length 
of the polymer chain is decreased accordingly. If two moles of glycol 
are condensed with one mole of succinic acid, a polymer is not funned. 


2HOCH2CH2OH + HOOC—CH2CH2COOH — 

O O 

II " 

HO—CH2CH2—O—C—CH2—CH2—C—OCH2CH2OH 

When trifunctional molecules are present, cross-linking results. If 
only trifunctional materials are condensed, the polymer Ix-comes infus¬ 
ible and insoluble before the reaction is complete. It is ixissible. how¬ 
ever, to use a small amount of trifunctional material with difunctional 
materials and avoid gel formation until the reaction is largely com¬ 
pleted, The difunctional materials form long chains, whereas the tri¬ 
functional materials serve to form connecting links between the chains, 
resulting in a network structure. Mixtures of mono-, di-, and tri¬ 
functional materials are often condensed to form polymers, ancl. by 
controlling the relative proportions of the three types of materials, the 
size of the polymer can be adjusted at will. If tetrafunctional mate¬ 
rials are used, the amount of monofunctional materials must be corre¬ 
spondingly increased. 

Types of Condensation Reactions. Any type of condensation re¬ 
action which leads to a bond between two molecules may lead to poly¬ 
mer formation if there are two or more functional groups per molecule. 
A list of some of the condensation reactions which lead to formation 
of polymers is shown in Table I. Polyhydrocarbons may be formed 
by the Wurtz reaction, the Friedel-Crafts reaction, or by delivdrogena- 
tion. The molecules in the table are shown with different reactive 
groups in the monomer, but it is equally possible to form polymers from 
molecules with the same types of functional groups. 

Ring Formation. It will be noted that rings might be formed from 
the polymers in Table I if the end groups condensed with each other. 
This does not usually occur, but five- and six-membered rings are some¬ 
times formed rather than polymers if such rings can be formed. Thus, 
y-hydroxybutyric acid does not form a polyester on heating 


H H H 

HO—C—C—C—COOH 
H H H 



O 

/ \ 

H2C C =0 



+ H2O 
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TABLE I 

Reactions of the Condensation-Polymerization Type 


^lonomer 


a-Si(OR^4 


H—R—Cl 
Cl—R—Cl 
H—R—H 


H(X)C(R)COOH 


H—R—CH 2 OH 
H—N—CH 2 OH 

R 

H2N—R—NHi 

H 2 N—R—CCK3H 
NaS,RC! 


Pol>Tner 


RO 


R 


O 


By-Product 


H—(R)„—Cl 
Cl—(R)«—Cl 

H—(R)n—H 
HO—(RO)n—H 

HO—(OCRCOO) 
H—(ORCO) 

H—(RCHs), 

H—(NCH 2 ), 

R 

H 2 N—(RNH), 
H—(HNRCO) 
Na—{SxR)n 


H 


H 


ROH 


HCl 

NaCl 

Hj 

H 2 O 

H2O 

H2O 

H 2 O 

H 2 O 

NHs 

H 2 O 

NaCl 


Polysilicates 


Polyhydrocarbon 
Polyhydrocarbon 
Poly hy drocarbon 
Polyethers 
Polyanhydride 
Polyesters 
Phenol aldehyde 
Urea aldehyde 

Pol>"aniine 

Polyamide 

Polysulfide 


but forms the cyclic butyrolactone, which does not polymerize on hy¬ 
drolysis. 8-Hydrox>waleric acid forms a lactone which, on the addition 
of small amounts of water or acid, pol>merizes to the polyester. 


HOCH 2 CH 2 CH 2 CH 2 COOH 





Ethylene glycol and oxalic acid may be condensed under special con 
ditions to form a monomeric cyclic ester, but this readily rearranges 
to the polymer. Thus, in the polyester series, only five-membered rings 

are stable. 4. j •« 

When condensations of poly functional materials are conducted m 
ver\- dilute solution, the formation of ring compounds is more hkey 
to ^cur than polymerization. This method has been employed to pre- 

pare compounds with larg'e rings. 
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Mechanism of Condensation Polymerization. Condensation re¬ 
actions which lead to the formation of polymers proceed in very much 
the same manner as other similar t}'pes of condensation reactions. It 
has been shown (6) that polyesterification proceeds at the same rate 
that comparable monofimctional alcohols and acids react to form esters. 
Although, in polyester formation the reaction mixture becomes increas¬ 
ingly viscous as the condensation proceeds, the rate of the reaction does 
not decrease because of this but only by the expected amount due to 
the lower concentration of reactive groups as esterification proceeds. 

The same catalysts and, in general, the same conditions are employed 
as in condensation of monofunctional materials. Since the polymers 
are not volatile, distillation at high vacuum may be used to remove 
monomers and dimers at the end of the reaction. By emplojdng the 
“molecular’’ still (3), volatile materials are removed, and the conden¬ 
sation is more nearly complete. This method has been used in the prep¬ 
aration of “superpolymers,” which are higher in molecular weight than 

can be obtained by the usual methods. 

Extent of Polycondensation and Polymer Size 

Condensation polymers are formed by a stepwise reaction: two mono¬ 
mer molecules may combine to form a dimer, the dimer may combine 
with another monomeric molecule to form a trimer, and the process may 
be repeated until large molecules are formed. Polymers are also 
formed by the combination of smaller polymers, as in the combination 
of two dimeric molecules to form a tetramer, or a trimer and a tetramer 
to form a heptameric molecule. 

If only difunctional molecules are present, the pol}mers are linear 
and will become longer as the condensation proceeds. If trifunctional 
molecules are also present, cross-linked polymers are formed. If long 
polymers are formed, only a relatively small amount of trifunctional 
materials is necessary to cause cross-linking and result in a molecule 
of great size. If a molecule has one hundred segments in its chain, 
one trifunctional segment will serve to cross-link it to another chain, 
and repetition of this structure will result in a gel structure. 

Conditions under which linear polj-mers of a given size are formed 
and conditions at which gels are formed may be predicted by equations 
developed by Carothers (2). 

Let / = d^ee of functionality (average number of functional 

groups per molecule). 

No = number of molecules at start of reaction. 

Not = number of functional groups at start of reaction. 

N = number of molecules at end of reaction. 
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Let 2 (No — N) = number of functions lost, since two fxmctions are 
lost as one bond is formed. 


2 (No - N) 
Nof 

^ - 
N 


fraction of function lost = p, extent of reaction. 


average degree of polymerization = * 


P 


2No _ 

Nof Nof 


or 


P = 


/ xf 


[ 1 ] 


J 

If only bifunctional groups are present, / is two, and equation [1] 
iromes < 



P 


1 

1 - 

X 


[ 2 ] 


Equation [2] shows that a decamer is formed at 90 per cent com¬ 
pletion of a condensation reaction. Thus, if three molecules react to 
form a trimer, as when ethylene glycol is condensed to form triethylene 

glycol, 

3HOCH2CH2OH HOCH2CH2OCH2CH2OCH2CH2OH 

six functional groups have reacted to form a trimer with two func¬ 
tional groups, and the extent of the reaction is % or 73 , and the trimer 
is formed, or x= 3, substituting in equation [2] : 


0 / 

/3 


Ya 


Equation [1] may be used to predict the extent of reaction when 
gelation occurs. If trifunctional molecules are condensed to form a 
pol>mer, f = 3 and p - %x. When large polymers are formed 

X becomes large and ^sx becomes negligible, and /> = %, or the re¬ 
action cannot be carried beyond the point where tw'o-thirds of the func¬ 
tional groups in the tri functional material have reacted without gel 

formation. 

Also, when two moles of glycerol are condensed with three moles ot 
succinic acid, there are 2 X 3. or 6, functional groups from the glycerol 
and 3X2 functional groups from the succinic acid. There^are five 

molecules reacting with twelve functional groups, or / = *75 7", *.* 
Substituting in equation [I] and neglecting the -/xf 
small when large polymers are formed, we have p = %.4 = 0.83. 1 e 

reaction cannot be carried beyond the point where 83 per cent of the 
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functional groups have reacted without the formation of an insoluble 

and infusible gel. . . i 

If monofunctional molecules are present, the reaction is complete at 

a relatively low degree of polj-merization If there are two moles of a 
monofunctional material and eight of a difunctional reactant, f is Ao. 
or 1.8. When the condensation is complete, p = 1, and, by substituting 
in equation [1], we find that .r = 10, showing that the decamer is 

formed under these conditions. J 
Polymer Distribution 

In the preceding discussion the formation of single polymers has been 
considered in polymerization reactions. In the condensation polymeri¬ 
zation, however, pol)mers of varying sizes are present. When the con¬ 
densation is 99 per cent complete, the hectamer or the polymer formed 
from one hundred units is present in the greatest amount but there are 
also present polymers of varying size from the monomer to the polymer 

containing three hundred segments. 

It is possible to estimate the amount of each polymer present at vari¬ 
ous stages of the polj’merization. The equation expressing the rela¬ 
tionship between pol} 7 ner distribution and extent of condensation has 
been developed by Flory (4) and is in agreement with the composition 
of polymers determined experimentally. The terms p, extent of the 
reaction, and x, the degree of polymerization, are used in the same 
sense as in equation [1]. It is assumed that one functional group is 
as reactive as any other, an assumption that has been established in 
polyester formation. 

A number of segments are considered which may or may not be con¬ 
nected to form a linear molecule. The probability that a bond exists 
between any two segments is p and the probability that a bond is not 
formed is \ — p- In forming a polymer containing x segments there 
are x ~ \ bonds and two terminal functional groups which have not 
reacted. Therefore the probability that a bond exists is — 

p)^y and the probability that an x-mer is formed is 

W, = - py [3] 

This equation gives the weight of each polymer at any extent of 
polymerization. Distribution curves at 0.95, 0.98, and 0.99 extent of 
reaction are shown in Figure 1. This is known as the diflferential 
weight distributon curve and shows the amount of each polymer pres¬ 
ent. The integral weight curve in Figure 2 shows the total amount of 
polymers present up to a degree of polymerization. 
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If the weight values are divided by ,r, the number of moles is ob- 
tained. Since we have seen p= I - -^-/x or x{l - p) =1, the rela- 
tionship for the number of moles of each polymer x is 


N, = - p) 


[41 


It will be seen that for any value of p in equation [4], the number 
of moles decreases as the value of x increases. Thus, in condensation 
reactions there are more molecules of monomer present than there are 
of any polymer. In condensation reactions, polymers of widely differ¬ 
ent sizes are present, and the polymer present in the largest amount is 

given by equation [2]. 

In certain cases the distribution may be considerably narrower. Poly¬ 
ethylene oxide has been found to form polymers which are much more 
homogeneous than would be predicted from the above equation. Since 
polyethylene oxide is apparently not formed by combination of poly¬ 
meric molecules, its method of formation is different, and a narrower 
distribution of polymers would be expected. 
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Many organic compounds containing a double bond have a te 
to polymerize. Such bonds are C==C, C=C, C=0, C=N, and 
Of these groups, only the —C=C— reacts readily to form long linear 
polymers. These polymers are vinyl pol)mers since many of them may 
be regarded as polymers of derivatives of vinyl alcohol, H 2 C=CHOH, 
and the process by which they are formed is vinyl polymerization. 


Reactivity of Vinyl Compounds 

There is a great difference in the ease with which vinyl compounds 
form polymers and also in the sizes of polymers which are formed. 
Generally the compotmds which poljrmerize readily also form large 
pol}mers, and nearly aU compounds which polymerize with difficulty 
form only polymers with short chains. 

Ethylene, H 2 C=CH 2 , is the simplest vinyl compound and can be 
pol 3 rmerized with some difficulty. The introduction of a negative 
group greatly increases its reactivity, as vinyl chloride can readily be 
polymerized. Vinyl bromide polymerizes even more readily, and vinyl 
iodide polymerizes more readily than any of the other vinyl mono¬ 
halides. Other negative groups also increase the ease of polymerization 
since vinyl acetate (I) and acrylic acid (II) and its esters polymerize 
easily. The phenyl group is considered a negative group, and phenyl- 
ethylene, styrene (III), can be poljmerized readily. 
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Alkyl groups result in less tendency to polymerize, and the higher ole- 
fins require strong catalysts to cause polymerization, 

WTien a second group is present, the reactivity varies greatly with 
the position in which it is introduced. The unsjTnmetrical derivatives 
polymerize much more readily than the s>Tnmetrical. Compounds in 
w’hich the terminal methylene group =CH2 is present usually form 
polymers. If two negative groups are added, polymerization is more 
rapid than when only one such group is present. Vinylidene chloride, 
Cl2C==CH2, polymerizes more readily than does vinyl chloride. The 
sjTnmetrical dichloroethylene, QHC=CHQ, does not polymerize read¬ 
ily. Methacrylic esters (IV) pol)mierize readily but not so rapidly as 
esters of acrylic acid (V), whereas the symmetrical disubstituted vinyl 
compounds, the esters of crotonic (VI), add, may be polymerized only 
with difficulty. 


CHa O 

I II 

H2C=C C—OR 

IV 



Uns>-mmetrical diphenylethylene (VII) polymerizes somewhat less easily 
than Styrene (III), but the symmetrical derivative (VIII) can be poly¬ 
merized only with difficulty. 



Isobutylene (IX) in the presence of catalysts forms polymers of high 
molecular weight whereas 2 -butene (X) forms only small polymers 

under the same conditions. 



X 
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Cyclic compounds may be considered as symmetrically disubstituted 
ethylene derivatives, and generally polymerize somewhat more readily 
than the corresponding straight-chain compound. This is especially 
true when the ring is five membered. Cyclopentadiene (XI) polymer¬ 
izes much more easily than piperylene (XII). Indene (XIII) is read¬ 
ily polymerized in the presence of acid catalysts. 


H H H 





CHs 


XI 


XII 


XIII 


The position of the double bond with respect to another ring also 
may influence the behavior of the compound. 1,4-dihydronaphthalene 

(XIV) forms only small polymers, whereas 1,2-dihydronaphthalene 

(XV) under similar conditions readily forms large polymers. 




/V/\ 


xrv 


XV 


Compounds in which three of the hydrogens in ethylene are replaced 
polymerize with great difficulty, and no case has been found of a com¬ 
pound with all four hydrogens replaced forming a polymer. 

Reactivity of Diolefins. When two vinyl groups are present in a 
molecule, its tendency to polymerize is greatly affected by the relative 
position of the two groups. The closest approach is in allene and its 
derivatives. Allene (XVI) and methylallene (XVII) do not polymer¬ 
ize readily. 




XVI 


XVII 


In conjugated dienes the vinyl groups are arranged in a 1,3 position 
and many conjugated dienes polymerize readily. Such dienes usually 
polymerize as if only one double bond were present forming an unsat¬ 
urated polymer. Butadiene forms such a polymer (XVIII). 


H H 



H H H H 



H 


H 

C 

H 


H H 



H 

C 

H 


H H H 



XVIII 


Most of the molecules polymerize in this way, but some will poly¬ 
merize with both vinyl groups polymerizing independently. Since one 
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vinyl group forms a segment in one chain and the other is in a second 
chain, cross-linked polymers are formed (XIX). 

HH HHHHH H 

H2C=C—C=CH2 —C—C—C—C=C—C— 

H H H 

H 

H H 

XIX 


If the two vinyl groups are 1,4, they may arrange to the conjugated 
1,3 form and polymerize as conjugated dienes, particularly at high tem¬ 
peratures. If the vinyl groups are farther apart in the molecule, they 
usually pol 3 rmerize independently and react with the formation of cross- 
linked polymers. 

If one of the double bonds is in an aromatic ring, as in styrene, the 
double bond in the ring does not enter into the polymer, but in hydro¬ 
aromatic rings, as in vinylcyclohexene-1 (XX), 1,4 polymerization oc¬ 


curs, as in butadiene. 


HC=CH2 



The effect of various groups on the rate of polymerization of diolefin 
derivatives is much the same as in the case of monovinyl compounds, 
and negative groups have the same accelerating effect. A study made 
by Carothers (1) is particularly useful since several butadiene deriva¬ 
tives were compared under standard conditions. The results of this 

TABLE II 


Relative Rate of Polymerization of Butadiene Derivatives 
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study are shown in Table II. It wiU be noted that the iodide polymer¬ 
izes faster than the bromide, which in turn pol>-menzes more rapidly 
than the chloride. Alkyl groups tend to reduce the reactivity, and com¬ 
pounds with two methylene, =CH 2 , groups polymerize much more 
readily than the corresponding compounds in which one group is sub- 

stituted. , 

The phenyl butadienes were compared by the same investigator, with 

the results given in Table III. The results indicate that butadiene de- 

rivatives that are substituted in the 2 and 3 positions are more reactive 

than derivatives substituted in the 1 or 4 positions. The stability of 

the 1,4-tetraphenylbutadiene illustrates this difference. 

^ TABLE III 

Polymerization of Phenylbutadienes 


C C-C —C 



CeHs 



Polymerizes 80 times faster than isoprene. 

CsHs 


CH, 


Polymerizes rapidly. 


CsHs 

CsHs 


Polymerizes rapidly. 

CsHs 


CsHs 


Monomer cannot be prepared. 

CeHs 



CsHs 

Stable at 150**. 

CeHs 

C«Hs 

CsHs 

CsHs 

Polymerized only by powerful catalysts. 

(CsHs)* 



(CsHs)* 

Has not been polymerized. 


Types of Vinyl Compoimds 

Condensation polymers may be fdrmed by a wide variety of reactions 
whereas vinyl polymers are formed by a single-type reaction. Con¬ 
densation polymers are formed by stepwise reactions, and polymers 
continue to grow as the reaction proceeds. Vinyl polymers generally 
are formed full size in a single series of reactions and usually do not 
increase in size as the polymerization proceeds. Linear and cross-linked 
vinyl polymers are formed as with condensation polymers. 

Monovinyl compounds on polymerization form linear polymers. 
Poljrvinyl acetate is a linear chain containing several hundred vinyl 
acetate segments. 
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In some cases it is believed vinyl poh-mers are branched, and the rhaing 
may have several side chains consisting of a few or many segments of 
the monomer. Such branched polymers are much less soluble since 
they approach cross-linked polymers in structure. 

In forming polymers it is sometimes found advantageous to polymer¬ 
ize a mixture of two or more vinyl compounds to form a mixed polymer. 
Such polymers are known as copolymers. In the chains of a copolymer 
segments of both the monomers are present. Not all mixtures of vinyl 
compounds will form copohmers, and if their rates of polymerization 
are greatly different the faster material will pohmerize first and a co- 
pol 3 mer will not be formed. Copolymers often combine valuable qual¬ 
ities of two yinyl pohmers which are not miscible with each other, 
and by mixing the monomers and polymerizing a homogeneous copoly¬ 
mer can be obtained. 

Cross-linked vinyl pohmers are formed w'hen divinyd compounds are 
polymerized. If the divinyl compound is a conjugated diene, not many 
cross-links will be formed; but if divinylbenzene is polymerized a highly 
cross-linked |X)lymer will be obtained. Often divinyl compounds are 
copolymerized w-ith monovinyl compounds, xising a much larger amount 
of the monovinyl compound. If a large polymer is formed only a 
small amount of the dmnyl compound is required to form cross-links 
between the chains. In polystyTene, it has been shown that the addi¬ 
tion of 0.01 per cent />-divinylbenzene (15) to styTene is sufficient to 
form a copolymer (XXII) which is not soluble. 



XXII 
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Glycol diacrylate (XXIII), divinyl ether (XXIV), and diallyl phthal- 
ate (XXV) are other examples of materials which have been added to 
monovinyl compounds to form insoluble cross-linked copolymers. le 
fusibility is reduced and the hardness of the polymer is increased by 

such additions. 


O 

H II H 

HC—O—C—C=CH2 
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XXV 


In some cases a vinyl compound will form a copolymer with mate¬ 
rials which do not polymerize alone. Such polymers have been called 
heteropolyiners. Maleic anhydride does not polymerize, but in tlie pres¬ 
ence of styrene a copolymer may be formed. Maleic esters of poly- 
hydric alcohols also form copolymers. These are polymers which are 
partly vinyl polymers and partly condensation polymers (XXVI). 


.. O—CH 2 CH 2 CH 2 —CH 2 —O 
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Mechanism of Vinyl Polymerization 

A double bond between two carbon atoms is often written C=C, or, 
to use the electronic formula, C:: C Both these formulas suggest that 
the two bonds are equivalent and possibly that the combination repre¬ 
sents a much less reactive bond. However, the bond energy of the 
double bond is considerably less than twice that of a single bond, and 
one bond can be broken without destroying the second. For these rea¬ 
sons, it has been suggested that the double bond be written C=^C or 

C*Q*C to suggest a difference in the bonds. 

Vinyl polymerization is a chain reaction and is initiated by radicals. 
Many reactions proceed in chains, but in the polymerization reaction the 
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chain results in a large molecule. This is a result of the ability of the 
double bond to form new bonds while the original bond remains. 

The reaction between hydrogen and chlorine is a chain reaction, and 
by using a measured amount of light to start the reaction it is possible 
to estimate the number of molecules that have reacted in one chain of 
reactions. Chlorine is broken into tv^^o chlorine atoms by the action of 
light A chlorine atom then reacts with a hydrogen molecule to form 
hvdrogen chlorine and a hydrogen atom. This reacts with a chlorine 
molecule to form hydrogen chloride, and an atom of chlorine reacts 
^^-ith a hydrogen molecule and the cycle is repeated, possibly a thousand 

times. 

CI 2 —2C1 

Cl + Ho HCl + H 

H + CI 2 HCl + Cl 

Vinyl acetate has been pol>Tnerized using light to imtiate the polymer¬ 
ization, and for each radical formed it has been found that 550 mole¬ 
cules of rinvl acetate had poljnnerized. It is possible that all these 
molecules were combined to form a single Unear molecule. 

The reactions occurring in vinyl poljTnerization are. 


(a) Chain initiation 

(b) Chain growth 

(c) Chain transfer 

(d) Branching 

(e) Chain ending 


and a and ^ occur as consecutive reactions. The extent ^ 
branching and trans fer occur may vary in different reactions, and these 

processes take place along with the growth of the chains. 

?h“ formatiL of radicals which start the reaction is a;^omptohed 

bv heat light, or the use of catalysts. The type of raical formed by 
heat or’light has not been estabUshed. The collision of two mol^^ 
to form a biradical (5) has been suggested since the imtiation step 


bimolecular. 


C=CHR 


C—CHR—CH 2 —CHR 


In polvmerfzat'ions initiated by peroxides, the radical is deriv^ by^ 
composition of the peroxide, bentoyl peroxide decomposing to ^ 

phen^ radical (11). This combines with the vinyl monomer to form 


radical, 

(C6H5CCX))2 
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Polymerization proceeds by the successive addition of monomer units 
to the radicals to form radicals of increasingly larger size. This re¬ 
action is repeated many times in the formation of a large polymer. 

It is believed a radical may transfer its energy to a monomer or an¬ 
other polymer. Growth of one chain would cease, and, if a monomer 

were activated, a new chain would start. 

Branching may occur by combination of a growing chain and a 
polymer, with continuation of growth of the reaction product. The 
chain of the polymer which combined forms a branch in the main chain. 
It has also been suggested that the collision of two radicals to form a 
biradical and an inactive polymer can occur. The biradical continues 
to grow in two directions, resulting in a branched chain. 

The growth of the chains is believed to end in the combination of 
two growing chains to form a single polymer or by formation of two 

inactive poljmers. 

These steps may be designated schematically as follows, where M, P, 
and R are monomers, polymer, and a radical, and an active molecule 
is desginated by ♦ as Px* for a growing polymer containing x segments: 

Initiation 2M —+ *3f — M* 

or R* + M RM* 

Growth Px* + Af —> Px+i* 

Transfer Px* + Af Px + 

Branching Px* + Py —► Pr+y* 

or Px* + Py* -> P,** + Py 

Ending Px* + Py* ^ Px+y 

or Px* + Py* Px + Py 

Certain molecules are particularly effective in absorbing the energy 
of a growing chain, and thus stopping its growth. Solvent molecules 
and molecules of certain impurities, called inhibitors, fimction in this 
manner. 

Distribution of Vinyl Polymers. When styrene is polymerized 
the polymers formed vary widely in size. Some are relatively small 
others are of high molecular weight. This can be shown by dissolving 
polystyrene in a solvent, as toluene, and gradually adding a non-solvent 
as alcohol. On careful addition of alcohol, part of the polystyrene wil 
be precipitated, and this precipitate will be found to contain the larges 
polymers. Addition of more of the precipitant will throw out more o 
the polystyrene, and this fraction will be found to consist of somewha 
smaller molecules. By continuing the process, it is possible to separate 
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the polystjTene into fractions of different size. These fractions con¬ 
sist of bands of poljmers and can be separated further by tedissolving 
and fractionally precipitating. It is found that the separation cannot 
be carried to completion and that polymers of nearly the same length 
cannot be separated since their properties are so nearly alike. 

It has been suggested that the distribution of vinyl polymers should 
take the same form as the distribution of condensation pol 3 rmers. 
Schulz has suggested a relationship between the ratio of rates of the 




2,000 

of Polymerization 

Fig. 3. 

chain initiation reaction and the chain ending reaction, and from tto 
ratio a polymer distribution, that has the same form as equation [3J. 
The distribution found in polystyrene is in good agreement wth tins 
type of distribution curve. The experimental and theoretical curves 

are shown in Figure 3 (13). 

\\Tien branched polymers are formed there are “ 

which a given polymer may be formed, and this would be expected to 

give a narrower distribution curve. Some vinyl polymers apparently 
have a narrower distribution than expected, but it is not cstz 
that this is necessarily due to the formation of branched chaim. 

Conditions for Vinyl Polymerization. Vinyl 
conducted under a variety of conditions, the size of Polymer for^ 
being dependent on these conditions. The punty of the 

r be prepared‘s a Mgh degree of jarriry 

nolvmerization products. Some impurities may lead 

, _j- ...u:,.!, .ar/a iinHdvpirahle. oarticularly if the polymer 
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is not pigmented when used. Many of the impurities present in vin}l 
compounds have a pronounced effect on the polymer formed and may 
prevent the formation of large polymers. Such impurities must be 
carefully removed. Sometimes this may be difficult because the im¬ 
purity may have nearly the same boiling point as the monomer. For 
these reasons many vinyl compounds are refined to over 99 per cent 

purity. 

Since the monomer may be stored or shipped before being poh- 
merized, inhibitors are added to prevent polymerization before it is 
wanted. Copper salts, sulfur compounds, or polyhydric phenols, as hy- 
droquinone, are added to stabilize the monomeric vinyl compound. 
These stabilizers are usually removed by distillation, although heat poh - 
merization may be accomplished in their presence. These inhibitors 
apparently prevent the growth of chains since styrene can be poly¬ 
merized in the presence of a large amount of inhibitor with the forma¬ 
tion of only short chains. 

Polymerization is often accomplished by heating, but catalysts are 
often added to promote polymerization. Organic peroxides are often 
used for this purpose. Benzoyl peroxide is frequently used and per¬ 
acetic acid, ascaridol, and inorganic peroxides have also been used. 
Metallic sodium has been used to catalyze the polymerization of hydro¬ 
carbons. Acid catalysts are used with compounds which are more 
difficult to polymerize. Boron trifluoride, sulfuric acid, zinc chloride, 
stannic chloride, and titanium chloride are catalysts that have been 
used to promote polymerization. 

Polymerization can also be effected by exposure to light. This 
method is often useful in studying the mechanism of polymerization, 
but is not well adapted to the polymerization of large quantities of 
material. 

Vinyl compounds may be polymerized in the gaseous phase, but this 
method is principally used only in the formation of low polymers at 
high temperatures. 

Vinyl compounds are frequently polymerized in the liquid form and 
solvents may be added to produce a solution of the polymer. Since 
large amounts of heat, usually 20,000 to 30,000 calories per mole of 
monomer, are evolved, this heat must be dissipated or excessive tem¬ 
peratures will be reached. When vinyl compounds are polymerized in 
the absence of solvent, it becomes somewhat difficult to accomplish this 
at the latter stages of the polymerization when the mixture becomes 
very viscous. Polymerization is often carried out in small containers 
to enable control of temperature, which may be lowered as the mixture 
becomes viscous to prevent overheating in the center of the mass. 
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Polymerization is also carried out in solution. If the solvent for the 
monomer is also a solvent for the polymer, a solution of the polymer 
will be obtained and the polymer is recovered by adding a non-solvent 
or by evaporating the solvent. In some cases the polymerization is 
carried out in a liquid which is a solvent for the monomer but is not a 
solvent for the polymer. In this case the polymer precipitates as it is 

The temperature of polymerization usually varies from 30-150“ C, 
depending on the material to be polymerized and to some extent on 
the tyqje of polymer desired. Often the polymerization is conducted at 
the reflux temperature especially where volatile solvents are used. This 
insures uniform temperatures, and the heat of polymerization is dissi¬ 
pated in evaporating the solvent. Polymerization with acid catalysts is 

sometimes carried out at temperatures as low as -100°. 

Polymerization is also carried out in aqueous emulsion. The mono¬ 
mer is emulsified in an aqueous solution of soap or of a sjmthetic 
emulsifying agent. Hydrogen peroxide or water-soluble salts as am¬ 
monium persulfate or sodium perborate, are added to catalyze the pol)- 
merization. This type of pol>Tnerization has been especially success u 

in the preparation of synthetic rubbers. Sometimes the 

is more readily conducted in emulsion form than m solution. W hen 

the polvmerization is complete an emulsion of the polymer is obtain ^ 

or saL. The polymer is washed with water and dried. The addition 
of soap or emulsifying agent is not necessary m a few 
Effect of Conditions on Size of Vinyl Polymers 

Sains are started there is a greater probability that they .^1 co 1 d 

tures are smaller than those formed at low temperatures. If t^ 
temperatures are employed, polymerization will not oc^n 
per^tures above 250° many vinyl pol)Tners break doi% n, an 

the monomer may be recovered. larger twly- 

In dilute solutions the pol>miers formed are small, a^ ^ 

- ^ f 

polymer is not, the polymer formed is larger than if a 
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polymer were used. The solvent used also has an effect on the size of 
the polymer, and in some solvents relatively small pol)rmers are formed. 

The size of the polymer is also affected by the amount and by the 
type of catalyst used. Large amounts of catalyst result in small poly¬ 
mers, and vigorous catalysts, as acid ones, have the same effect. 


Modification of Polymers 

It is often desirable to alter the properties of a polymer, which may 
be accomplished by removing or introducing new side groups along the 
chain. In cellulose and rubber, large polymers are available already 
formed. Often the chains in cellulose and rubber are too long, and 
the polymers are deliberately broken down to smaller polymers which 

can be more easily handled. 

A wide variety of different polymers may be made by choice of the 
modifier and the extent to which it is added to the polymer. Thus it 
is possible to produce a large number of resins from polyvinyl acetate 
by hydrolysis and formation of acetals. Vinyl acetate can be poly¬ 
merized to give chains of varying length, and each of these polymers 
can be hydrolyzed completely or partially to polyvinyl alcohol or poly- 
vinyl alcohol-acetate. 


H 

C 
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H H H H H 
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These hydrolyzed products can be condensed with varying amounts 
of formaldehyde, acetaldehyde, butyraldehyde, benzaldehyde, or other 
aldehydes to produce resins with widely different properties. 


H H H H 


H H H H 



H O H O 
H H 


+ RCHO 



Cellulose is highly polymerized, and each segment contains three hy¬ 
droxyl groups. It is possible to form condensation products with one, 
two, or three of these groups. Nitric and organic acid esters and alkyl 
ethers of cellulose are soluble in a variety of organic solvents, and 


some of the ethers are soluble in water. Polymers having .a wide 
range of properties can thus be obtained. For use in solution, the cel¬ 
lulose polymers are somewhat too large; consequently the chain length 
is decreased in making cellulose derivatives for use in solution. 
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Rubber is a highly polymerized hydrocarbon; halogens and hydrogen 
chloride add readily to form resinous materials. The chain length is 
often decreased in the formation of these derivatives. Treatment with 
acids also converts rubber into resinous polymers which have a ring 
structure. 

PROPERTIES OF POLYMERS 


One very spectacular property of polymers is their large size. Since 
thev possess ver^'' high molecular weights, the exact determination of 
their size is more difficult than if the molecules were smaller. Because 
they are composed of chains of varj-ing length, the molecular weight 
does not have the same significance as when the molecules are all of 
equal size. For this reason the numbers are average rather than exact 
values. If carefully separated fractions of pohnners are used, the de¬ 
termination is more exact, and the average value is closer to the molecu¬ 
lar weight of the pohmiers present than when an unfractionated sample 


is used. 

Since the polymer may contain molecules var>nng greatly m cham 
length, the type of average value for molecular weight depends on the 
method used. Most of the methods usually employed for molecular- 
weight determination depend on the number of molecules present, and 
the value obtained by such methods is called the number average. De¬ 
termination of terminal groups, melting point depression, boiling jwint 
elevation, or osmotic pressure gives a number average molecular weight. 
\-iscosity determinations, on the other hand, give the weight average 
molecular weights. In polymers having the distribution assigned by 
equation [2] the weight average is approximately twice the number 

average molecular weight. 

To illustrate the diiferences in the two values, a pol}Tner consis ng 
of ten fractions each of equal weight and having molecular weights ot 
1 000 to 10.000. each fraction being 1.000 greater in molecular weig 
than the preceding, would have a number average molecular weight ot 
3,400 approximately, whereas the weight average molecular weight 


would be 5,500. ^ hv 

The number and weight average molecular weights are express y 


the following equations: 


M 




M 



iVx 


where M. and M, are the number and weight average 
weights, respectively, and It, and N. are the molecular weight and 
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number of molecules of each x-mer. It will be seen that when only 
one ;r-mer is present the number and weight average values are the 
same. This condition is approached in a carefully purified fraction of 

a polymer. 

Viscosity of Solutions of Polymers 

The molecular weight of a polymer is often estimated by determin- 
ing the viscosity of a dilute solution. Viscosity is usually determined 
by observing the time of flow of the dilute solution through a capillary 
at a carefully controlled temperature. Relative viscosity of the solution 
is determined by observing the time of flow of the solvent through the 
capillary at the same temperature. 

Time of flow of solution ^ viscosity 

Time of flow of solvent 

The terra specific viscosity is also used, and is the relative viscosity 
minus one. This term was used by Staudinger in his estimation of 
molecular weights of large polymers, in which this relationship was 

employed: 

Specific viscogty _ ^. Molecular weight [SJ 

c 

where c is the concentration of the polymer in moles of the repeating 
unit per liter and K is the constant for the particular polymer in the 
solvent used. Values of this constant are given in Table IV. 

The viscosity is determined in dilute solution often at concentrations 
where the specific viscosity does not exceed 0.25. It has been shown 
that logarithm of the relative viscosity can be used in place of the spe¬ 
cific viscosity over a somewhat wider range of concentration. 

It has been found that the constant K in the above equation [5] is 
not constant but does vary with molecular weight, and increases as the 
molecular weight increases. Schulz (14) has suggested the constant 
can be estimated by the relationship 

^ ^ 

where A and B are constants and D.P. is the degree of polymerization 
or the number of segments in the average polymer. 

The term intrinsic viscosity has been suggested by Kraemer (9) to 
measure the degree of pol 3 nmerization. This is defined as the loga¬ 
rithm of the viscosity divided by the concentration expressed in grams 
of polymer per 100 cc, and extrapolated to infinite dilution. 
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Log^rel. vis. ^ — 

C Jc-O ” 


Intrinsic viscosity = K-DCP, 


[ 6 ] 


The intrinsic viscosity of a poh-mer is a useful index of its d^ee of 
poljTnerization and is often used to designate various pol\-mers. It has 
been found that the intrinsic viscosity is often independent of the 

solvent used. 

TABLE IV 

Staudinger Constants 


Unit 


Solvent 


K X 10“^ 


Paraffins 

Isoprane 

Polyprene (rubber) 
Styrene 
Vinyl acetate 
Cellulose 

Cellulose diacetate 
Cellulose diacetate 
Cellulose dinitrate 
Ethylcell ulose 
Alkyl aciylates 
Alky'l methacrylates 
Alkyl methaaydates 
Acrylic acid 
Methyl vinyl ketone 


CH2 

CsHio 

CsHg 

CsHa 

C4H6O2 

CeHioOa 


Benzene 

Benzene 

Benzene 

Tetralin 

Benzene 

Schweizer’s 

Cresol 

Acetone 

But>’l acetate 

CHCI3 

Benzene 

Benzene 

CHCU 

2N—NaOH 

CHCU 


0.8 

3.0 

3.0 

1.8 

2.6 

10.0 

11.0 

28.0 

13.6 

12.5 

1.7 

1.7 

3.04 

2.9 

3.04 



At higher concentrations the relative viscosity has been found to var 
widely \nth the solvent employed and to be greater in good solvent; 
The solvent power may be estimated by determining the voliune 0 
non-solvent required to precipitate the poljTner. It has been show 
that the relative viscosity' is lower in solvents requiring small amount 

of non-solvent to effect precipitation. 

The viscosity of a polymer is believed to be dependent on the lengt 

of the chain. The reason for lower relative viscosities m poor so 
vents is believed to be due to a coiled or kinked shape of the polym« 
molecules which are more nearly extended m good solute. 

Equation [6] is apparently inaccurate when polymers diffenng wi e 
in molecular weight are compared since the constant should 
with the molecular weight. A relationship recently estabbshed is 

parently applicable over a wide range of polymers. 


r_- _ ir 
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where K is a. constant, intrinsic viscosity is^ as defined in equation [6], 
and n is greater than 1, and in the case of polybutene (8), polyacrylates, 
and polyvinyl acetate is 1.55. The constant K will vary with type of 
polymer. Attempts have been made to express the constant in vis¬ 
cosity relationships in terms of the length of the repeating unit, but 
such values are not generally applicable. 


Viscosity of Molten Pol3aners 

The viscosity of molten polymers may also be used to estimate their 
molecular weight. Flory (7) has shown that the values obtained for 
the viscosity are proportional to the weight average molecular weight 

Log vis. = A + By/Mw 

where vis. is the viscosity of the molten polymer, 

A and B are constants, 

is the weight average molecular weight. 


The temperature of the viscosity determination must be carefully con¬ 
trolled, and the values A and B will vary with different types of 




Solubility and Degree of Polymerization 

It is generally found that as polymers increase in size they become 
less soluble in solvents. Cross-linking and branching result in insoluble 
polymers. It has been found that the molecular weight of linear 
polymers can be estimated by dissolving them and adding a non-sol¬ 
vent imtil precipitation occurs. High polymers will tolerate a much 
smaller amount of non-solvent before precipitation than low polymers. 
Schulz (12) has shown that the precipitability, the fraction of total 
volume of non-solvent when the polymer starts to precipitate, is de¬ 
pendent on the degree of polymerization. 

Predpitability — A + ~ ^p 

where A and B are constants and DJ*. is the degree of polymerization. 

It shotild be noted that a higher numerical value of the precipitability 
term means a greater volume of non-solvent required. An estimate of 
pol 3 mer size may also be made by observing the temperature at which 
precipitation of a polymer from solution occurs. 


Orientation in Polymers 

When a vinyl poljnner, as pol 3 nrinyl acetate, is formed, there are 
apparently three ways in which the molecule may combine to form the 
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polymer chain. The molectiles may combine “head to tail” to fom a 
regular chain hi^^ng a substituted group on every second carbon 
atom (I). It would also seem possible for the molecules to combine 
“head to head," gi^^ng a regular but different arrangement (II). 
Finally, the possibility of a random arrangement (III) where some 
molecules combine head to head and some head to tail. Marvel and 
his collaborators have studied many t\-pes of polymers and have found 
no case of random addition in the formation of polymers. In most 
cases, head-to-tail addition occurs to the exclusion of any head-to-head 

addition. 



Ill 


There are. however, examples of head-to-head addition, as in the poly^ 
,-chloroacr>-lates, but in this case there is apparently no head-to-tai 


addition. .... 

Evidence of the structure of pohmers has been obtained by severa 

methods. With pol>-vinyl acetate, it has been found possible com 

pletely to remove the acetate groups by hydrolysis to form poljwmy 

alcohd. Since 1,2-glycols (IV) have different 
dvcols (\’). it is possible to show that poly>myl alcohol (VI) behave 
^n the same manner as 1 . 3 -glycols, and is therefore head to tol r 
structure. Since the chain is not affected in the hydrolysis it als 
follows that pol>winyl acetate has a head-to-tail structure exclusiv 3 


H H 


H H H 


HHHHHHHHHH 


1 1 

OH OH 


OH 


I H 

OH 


1 H 1 H ! 

OH OH OH 

VI 


In pohwinvl chloride, it has been showm that 1 , 2 -dichlorides (^1 

would be e.xpected to be almost entirely dehalogenated by t^ 

with metallic zinc. In 1 , 3 -dichlorides (VIII). a pro^rhon of the ^ 

, . —1 r»ot ri^mnved. The amount of toft 
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gen removed is in agreement with the amount expected for a 1.3 
Lgement and not in agreement with a head-to-head or with a random 


arrangement. 

H H 
—C—C— 
Cl Cl 

VII 


H H H H 

—C—C—C—C • • - 
Cl H Cl H 

VIII 


The ultraviolet absorption spectra have also been used to determine 
the arrangement of polymers, and in polyvinyl chloride additional evi¬ 
dence for the head-to-tail structure is obtained since the spectrum of 
polyvinyl chloride is comparable to that of a 1,3-dichloride (VIII). 

Often the fiber pattern obtained by X-ray diffraction patterns of the 
polymers gives a picture of the arrangement of the segments m the 
polymer, and in the case of polybutene and polyvinylidene chloride 
the results are in accordance with the head-to-tail arrangement in the 

polymer. 

X-ray diffraction patterns of polymeric materials are also of value 
in determining the orientation of molecules of polymers with respect 
to each other. In most polymers, the arrangement is amorphous since 
the chains are not oriented with respect to each other. In some poly¬ 
mers, a crystalline pattern is obtained on stretching the material, indi¬ 
cating an orderly arrangement of the polymer chains. Natural rubber 
gives such a pattern on stretching, and many synthetic rubbers give evi¬ 
dence of crystalline arrangement. The copolymer synthetic rubbers, 
however, do not. 


Physical Properties and Degree of Pol3rmerization 

The viscosity and solubility vary as the size of the polymer is in¬ 
creased. Other physical properties also depend greatly on the degree 
of polymerization. 

The tensile strength is higher as the degree of polymerization in¬ 
creases. Generally there is first a rapid rise to a limiting value, and 
beyond this value the tensile strength is not greatly aflPected. In cellu¬ 
lose derivatives, this limiting degree of polymerization is about 1,000. 

The density of polymers also increases rapidly with the degree of 
polymerization, but beyond a certain point the rise in density is slight. 

Pol 3 aners become but slightly harder with a higher degree of poly¬ 
merization except with the lower polymers. Impact strength is greater 
with higher degrees of polymerization. The melting point rises rapidly 
with the degree of polymerization, and many high polymers do not 
melt readilv. 
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REVIEW QUESTIONS 

1. Distinguish briefly benveen structural, solubility, and fusibility char¬ 
acteristics of linear, cross-linked, and branched polymers. 

2. State at least four n-pes of reactions which lead to the formation of 
linear condensation poKmers. and give examples. 

3. gelation occur if equimolar amounts of glycerol, succinic acid, 
and oleic acid are condensed? 

4. Dehne. briefly, segment, monomer. copoUmer. cross-linked polymer, 
condensation pohmerization. degree of pohmerization, extent of re¬ 
action. heteropohmer. 

5. State briefly the steps by which vinyl pohmerization occurs, and the 
effect of each on the t>‘pe of pohmer formed. 

6. ^^llat conditions would be employed to obtain the largest possible 
vinyl pohmer? 

7. Distinguish between number and weight average molecular weights. 

8. State briefly one method for estimating molecular weight from ris- 
cosin- determinations. 

9. How can the orientation of side groups in a vinyl polymer be estab¬ 
lished ? 
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PART II. CONDENSATION POLYMERS 


CHAPTER 3 

PHENOL ALDEHYDE RESINS 

With A. S. Hussey 

The development of phenolic resins marks the beginning of the 
manufacture of synthetic resins. Cellulose nitrate had been used for 
many years previous to their introduction, but phenolic resins were 
the first entirely synthetic material to be produced in large quantities. 
Baekeland, in 1908, produced satisfactory phenolic resins for molding. 
Since that time the applications for phenolic resins have been widely 
extended, and phenolic resins today are produced in a wide variety of 
t}'pes as molding resins, cast resins, varnish resins, adhesives, laminat¬ 
ing resins, and for impregnation. No other type of resin has found 
such widely diversified uses. 

In 1920 the total synthetic resin production of the United States 
was nearly 5 million pounds, phenol aldehyde resins accounting for 
nearly all the resin produced. By 1930 the production of phenolic 
resins had increased to 18 million pounds. Production has increased 
steadily since that time, and in 1941 amounted to over 150 million 
pounds, a remarkable increase over the 93 million pounds produced in 
1940. Phenolic resins have recently found extensive uses in replacing 
metals in the war effort. 

History 

In common with many of the other synthetic resins, those derived 
from the reaction of phenols and aldehydes have been known for many 
years. The formation of a resin by the action of acids on saligenin (I) 

OH 

|^CH20H 

V 

I 

(o-hydroxybenzyl alcohol) was known prior to 1850, and several re¬ 
ports of resin formation by dehydration of this compound appeared in 
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the chemical literature. Saligenin was later to be designated by Ma- 
nasse as the simplest reaction product of phenol and formaldehyde, 
when, in 1850, the conditions were established for the preparation of 
this compound from these reactants in the presence of alkaline catalysts. 

The recognition of the general reaction of phenols and aldehydes, 
however, was first reported by von Baeyer in 1872. A number of 
phenols were reported to react with aldehydes in the presence of acid 
catalysts to produce resinous products. Phenol, resorcinol, p}Togallol 
and benzaldehyde. acetaldehyde and methylene acetate were used in 
this study. The use of alkaline catalysts to effect this condensation 
was reported by Michael in 1883. 

Resinous materials were incapable of separation into pure compoimds 
and were consequently generally discarded after casual examination of 
their properties and notation of their formation. In 1890 the com¬ 
mercial preparation of formaldehyde became an accomplished fact, and 
investigations producing phenol formaldehyde were begun. Since that 
date many processes for producing resins of this t}q>e have been re¬ 
ported. By 1893 it had been found that not only could insoluWe, in¬ 
fusible resins be produced by the action of acids on phenol and excess 
formaldehyde, but also fusible, soluble pol}*mers could be obtained by 
usine smaller amounts of formaldehvde and milder conditions. In 
1894 Manasse and Lederer utilized alkaline catalysts to produce salige¬ 
nin from phenol and formaldehyde by reaction at room temperature, 
and. although these investigators did not produce resins from this com¬ 
pound. other investigators brought about the resinification of this ma¬ 
terial hv heating with ammonia and other alkaline and acid catalysts. 
Many attempts were made to assign definite formulas to the “saliretins” 
resulting iriim the condensation of this compound. Analyses of the 
resin were widelv at variance with one another, however, undoubtedly 
due to differences in the conditions under which the resinification had 
been carried out. and no agreement could be reached regarding the 

chemical composition of the material. 

Phenolic resins f(ir use as molding materials were being developed 
bv 1900. but the earlv resins were of little commercial v^lue. Smith 
carried nut the conden.'ation of paraldehyde and phenol in the presence 
of fu.'cl oil. and cast the resulting resin in molds where the hardening 
was completed at 100' C. A resin of improved appearance was pre¬ 
pared hv Liift by wa.'hing the acid condensation product of phenol and 
formaldehvde with water, and then with sodium carbonate, and finally 
casting into mc»lds. A permanently soluble and fusible resin was pre¬ 
pared by Blumer from the acid condensation of excess phenol and 
formaldehvde. Since it could be molded in a manner similar to that 
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used for molding shellac and, like shellac, was alcohol soluble, it was 
suggested as a substitute for this material. The resin, however, pos¬ 
sessed so many objectionable properties that it never obtained the im¬ 
portance of the heat-hardenable phenolics as a shellac substitute. 

By far the most important development in the technolo^' of phenol- 
aldehyde resins resulted from the work of Baekeland in 1908. I^n 
several patents issued to Baekeland during the period 1908-1914, the 
general processes for the manufacture of the heat-hardenable type of 
phenolic resin were disclosed. Basically, these patents covered the use 
of catalysts to control the primary condensation of phenols and alde¬ 
hydes, and the use of high temperatures and pressures in the molding 
operation to effect the final condensation to an insoluble, infusible 
resin. In addition, they introduced the philosophy of extending the 
resin with inert fillers in order to improve the physical properties of 

the finished product. 

The use of synthetic resins during the first World War was very 
small. This period, however, witnessed an enormous expansion of the 
coal-tar industry and the development of synthetic phenol to supply 
the munitions industry with raw material for picric acid production, 
with the result that the end of the war found vast surpluses of phenol 
at hand with no immediate use in sight. So great was the expansion 
of the phenolic resin industry immediately following the end of hos¬ 
tilities, however, that not only were the supplies of phenol soon used 
up, but also phenol production by synthetic methods was actually in¬ 
creased to take care of this new demand. 

Raw Materials 

Although many phenols and aldehydes are capable of reacting to 
form resinous products, the great majority are not suitable from a 
viewpoint of the properties of the products or the availability and the 
cost of the raw materials. By far the most important materials in the 
production of phenolic resins are phenol (carbolic acid) and formalde¬ 
hyde. Cresols, xylenols, and alkylated phenols have a definite place in 
the production of phenolic resins, as do also the formaldehyde deriva¬ 
tives, hexamethylenetetramine and paraformaldehyde, and to a lesser 
extent furfural, benzaldehyde, and acetaldehyde. 

Prior to the first World War, all the phenol used in industry was 
obtained from the by-product coke industry, with England and Ger¬ 
many the principal producers. Phenol was then imported to this coun¬ 
try from these two sources. When war cut off the supply of this 
material, the coal-tar industry in this country rose to importance, and 
the production of synthetic phenol was begun to augment the supply of 



56 


FHESOL ALDEHYDE RESISS 


coal-tar phenol. In 1940 the production of coal-tar phenol was about 
25 million pounds (and that of synthetic phenol 72 million pounds). 
The production of synthetic phenol has been increased since that time. 
In addition to supplying an appreciable fraction of the phenol used bv 
the resin industry', the coal-tar industry- also supplies the cresols and 
xvlenols used. 

Coal-Tar Phenol and Cresols. Coal tar. obtained from the bv- 
product coke oven, can be separated by distillation into three fractions: 
a light oil. containing benzene, toluene, xylenes, and solvent naphtha; 
a creosote oil fraction, containing pyridine, phenol, cresols, xvlenols, 
and naphthalene; and a high-boiling anthracene fraction. Most of the 
phenolic materials are recovered from the creosote oil fraction, al¬ 
though a small amount of phenol is recovered on purification of the 
light oils. 

The creosote oils are first freed of naphthalene by crystallization of 
this material, and then w'ashed with sodium hydroxide. The sodium 
phenolate and pyridine are then separated from the sodium salts of the 
cresols and xvlenols, and the pyridine is removed by distillation. The 
sodium phenolate solution is then acidified and fractionally distilled. 
Pure phenol is obtained by distillation. The sodium cresylates are 
similarly acidified and distilled, but their separation into pure compo¬ 
nents is extremely difficult. Commercial cresols consequently consist 
of mixtures for resin manufacture, the fractions consisting mainly of 
meta- and paracresol containing 60-80 per cent metacresol. The xyle- 
nols are similarly seldom obtained as pure materials. 

Synthetic Phenol. S\-nthetic phenol is produced commercially by 
two processes. The older process involves the sulfonation of benzene 
and subsequent hydrolysis by fusion wnth sodium hydroxide: 


SO 3 H OH 



The second rnethod involves the chlorination of benzene to chlofT>- 
benzene, followed by hydrolysis of this intermediate to phenol. Early 
processes utilized chlorine to carry out the first step of the reaction 
and hydrolyzed the product by heating vnth sodium hydroxide in the 

presence of a copper catalyst. 


Cl ONa OH 
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A more recent development is efficient as regards side reactions and 
by-product yield, and may be considered to be an indirect oxidation of 
benzene to phenol by air. The process is carried out m two stages, the 
first involving the chlorination of benzene with hydrochloric acid in 


the presence of air and a catalyst: 




Cl 




+ Hci + y^2 




+ H20 


The reactants, in the vapor state, are drawn through contact chambers 
and then fractionally condensed. About 10 per cent of the benzene 
reacts per pass to form chlorobenzene whereas a small amount reacts 
to form polychlorobenzenes and CO and CO 2 . Unreacted benzene is 
recirculated; the chlorobenzene is washed with sodium hydroxide and 
distilled. The second stage of the reaction proceeds at about 425° C 
and is endothermic. This step is carried out in steel converters in con¬ 
tact with a catalyst, with about 10 per cent of the chlorobenzene being 
hydrolyzed per pass: 


Cl 

A 


OH 

/V 


+ HvO 
- > 



+ HCI 


The regenerated hydrochloric acid is recovered by washing with water, 
and it is used again. Unhydrolyzed chlorobenzene is separated from 
the phenol, which is finally purified by vacuum distillation. 

Alkylated Phenols. The simplest alkylated phenols used in the 
resin industry, the mixed meta- and paracresols, are obtained from 
coal tar. Paracresol is obtained only in small amoimts, and difficulty 
is encountered in the separation and purification of the isomers. Con¬ 
sequently, synthetic substituted phenols have been developed and have 
become important in the resin industry. The most important of these 
synthetic phenols are those which are substituted in the para position 
by alkyl groups. They are made by the alkylation of phenol with the 
proper olefinic hydrocarbon under the influence of alkylating agents, 
zinc chloride, aluminum chloride, hydrochloric acid. Phenols substi¬ 
tuted in the para position by such groups as sec- and ferNbutyl, tert- 
amyl, hexyl, and octyl are produced in this manner and find consider¬ 
able use, especially in the preparation of the oil-soluble t>'pe of phenolic 
resins. Phenylphenol from the hydrolysis of o- or />-chlorodiphenyl, 
and />,^'-dihydroxydiphenylpropane from acetone and phenol are also 

produced commercially and are used in the production of phenolic 
resins. 
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Manufacture of Methanol, Formaldehyde is produced commer¬ 
cially by the catalytic oxidation of methyl alcohol. Methyl alcohol is 
produced sjTithetically by the reduction of carbon monoxide or ob¬ 
tained from the destructive distillation of wood. 

The water phase condensed from the destructive distillation of wood 
contains 1-2 per cent methanol, 0.1-0.5 per cent acetone, and 9-10 per 
cent acetic acid. Lime is added to neutralize the acid, and the acetone 
and meth}'! alcohol are fractionally distilled. 

The reduction of carbon monoxide with hydrogen in the presence of 
catalysts according to the equation: 

CO + 2 H 2 ^ CH 3 OH 


is favored even at room temperature. But with even the most efficient 
catalyst the rate at ordinary temperatures is almost zero. Conse¬ 
quently, temperatures of 300-400° C are utilized. At the higher tem¬ 
peratures, the reverse reaction is so prominent that only traces of 
methanol are formed unless pressure is applied to force the reaction 
in the forward direction. In practice, pressures of one hundred atmos¬ 
pheres and above, and temperature of 350° C, are employed. Carbon 
monoxide is obtained from water gas made by passing steam over 


hot coke: 


C + H2O CO + H2 


The mixture of the two gases is passed over a suitable catalyst, usually 
a mixture of zinc, copper, and chromium oxides, and the methanol 
formed is condensed out. The unreacted gases are returned to the 
system, along with more carbon monoxide and hydrogen. Careful 
control of the reaction is required in order to minimize side reactions. 
Some methane and ethers are always formed, however, and when their 
concentration has become appreciable, the gas is discarded and the 

cycle begun anew. 

Manufacture of Formaldehyde. In contact with copper, silver, or 
platinum catalyst, the oxidation of methyl alcohol to formaldehyde 
proceeds according to the following equation: 

CH3OH -h HO2 CH2O + H2O 

Once started, the heat liberated by the reaction is sufficient to maintain 
the catalyst at the desired temperature. Vaporized methanol is mixed 
with air and passed over the catalyst in the reaction chamber. The 
formaldehyde is dissolved in water, since it is a gas under normal tem¬ 
peratures, and is generally sold as a 37 per cent by weight solutitm 
called formalin. This usually contains 10-12 per cent methanol, which 
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inhibits the deposition of solid paraformaldehyde, a polymer of this 
material. 

Formaldehyde can also be produced by the catalytic oxidation of 
methane from natural gas, and the process is now of commercial im¬ 
portance. Careful control of conditions is essential in order to mini¬ 
mize side reactions. Methanol and acetaldehyde are also formed. The 
oxidation is usually carried out at 500-700° C in the presence of oxides 
of nitrogen catalysts. At this temperature formaldehyde is decom- 
posed quite readily, and, since the reaction 

CH4 + 02 -^ CH2O + H2O 

is exothermic, very careful control must be exercised. 

Other Aldehydes. Besides formaldehyde itself, the two derivatives 
of this material, hexamethylenetetramine and parafonnaldehyde. are of 
importance in the manufacture of phenolic resins. The former is gen¬ 
erally assigned the cyclic structure (II) 



on the basis of X-ray studies. It is readily formed by the reaction of 
formaldehyde and ammonia. Paraformaldehyde is prepared by the 
dehydration of a formaldehyde-water solution and consists of a mix¬ 
ture of at least four polymers of formaldehyde. The material is a 
white solid, soluble in water, and decomposes on heating into gaseous 

formaldehyde, which rapidly repolymerizes when anv moisture is 
present. 

Benzaldehyde, CeHsCHO, is produced commercially from toluene. 
The latter may be chlorinated to benzal chloride, and this intermediate 
hydrolyzed by boiling with a weakly basic solution (limewater or so¬ 
dium carbonate) or benzyl chloride may be oxidized to benzaldehyde 
by heating with aqueous sodium nitrate solutions. 
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Furfural, an aldehyde derivative of furan. closely resembles benzal- 
dehyde in many of its chemical properties. It is obtained commer- 
ciallv bv the action of mineral acids and heat on the pentoses and 
pentosans contained in oat hulls, cottonseed hulls, and similar mate¬ 
rials. It has the formula (III ). 




Acetaldehyde. CHsCHO. is produced hy the hydration of acetylene in 
tlie presence of mercuric salts and dilute sulfuric acid. It is usually 
encountered as its trimer. paraldehy de, which is formed when the mono¬ 
meric material is treated with a little concentrated sulfuric acid. Since 
paraldehvde fails to exhibit the reactions of an aldehyde or an alcohol, 
it IS irenerallv assigned the structure of a cyclic acetal (I\ ). 


O 



HsC—CH HC—CHa 

O O 



CHa 


Reaction of Phenols and Aldehydes 

Study of tile formation and chemical nature of phenol aldehyde resins 
liar- failc-l to keel, pace with advances in the technology of these resins. 
Con-equently. altliough it is today possible to prepare phenolic resins ot 
widely dinerent proixmties, exact information relating these differences 
in pnn.erties to variations in the chemical nature of the resins is still 

1 ClcIn 1 

Early Theories of the Reaction. Baekeland obsereed that the 


tran^h.rniatmn of plieno] and formaldehyde to an insoluble, intusible 
resin t-'k place in three staees. Fnr them he proposed the terms 
Kcdrv-.id A. B. and C to represent, respectively, the low-molecular 
initi.d comUnvate. the fu-ible but in-oluble intermediate, and the tmal 
Mw-lublw infu-ible remi. Tlie-e terms are still used today, but the dis- 
tiaCTi.m between the vari-tK >ta-e-. i^ m.t sufficiently clear cut 

Baek< :and believed that the forniati'.n t.f ether linkages played an 
imi-rtant tnrt in the re-inihcation pove--. The lormation of a C-stage 
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sin from saligenin was found to require the addition of at least one- 
xth mole of formaldehyde, and the resin was consequently believed 
I be composed of units containing six phenol nuclei and seven meth- 
[ene groups in the form of a cyclic ether (V). 



In contrast to this ether linkage theory, an early theory by Raschig 
ictured the reaction as proceeding through the condensation of salige- 
in with excess phenol to form dihydroxydiphenylmethane (VI) : 


OH OH 



ad with itself to form methylol derivatives (VII) of the latter, espe- 
ially where the proportions of formaldehyde used exceeded one mole 
y 10 to 15 per cent: 

OH OH 



vu 


'hese materials were considered capable of further condensation to 
3rm products of complex structures. 

When later it was proved that such diphenylmethane derivatives 
3uld be isolated in the intermediate stages of the resinification, Baeke- 
ind and Bender revised the ether-linkage theory to comply with this 
ew evidence. Accordingly, the reaction was suggested to involve the 
^rmatibn of o-hydroxybenzylphenyl ether (VIII) from the interac- 
on of one molectde of saligenin with one of phenol: 

OH OH OH OH 
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The isolation of the diphenylmethane derivative was attributed to 
rearrans:ement of the ether under the conditions of the isolation. Th 
reaction of a molecule of formaldehyde with (VIII) was considere 
to take place at the methylene group, followed by loss of water, to fon 
a vinyl-n-pe compound (IX) capable of pcljanerization to a resinot 

material: 


HO 



The more logical idea of the formation of long chains of hydros 
benzyl groups has been suggested by a number of investigators and 
incorporated in the modem conception of the reaction. Mechanisi 
involving onlv polvmerization have also been suggested. Thus o- a 
/'-saligenin are considered to undergo tautomerization and dehydrati 
to form highlv reactive quinonoid structures which can readil\ po 

merize to a resin; 



CHo 


A highly idealized formula for an insoluble resin has been propo 
bv Blumteldt to explain the physical and chemical properties of i 
material. The condensation of two long-chain molecules could t 

o-ive rise to a condensed ring structure: 

& 




PRESENT VIEWS OF STRUCTURE OF PHENOLIC RESINS 63 

^resent Views of the Structure of Phenolic Resins 
In spite of the difficulties of some of the earlier conclusions, modern 
iews incline more closely to the theory proposed by Raschig. Even 
Dday, however, the evidence necessary to set forth a complete mecha- 
ism for the condensation is still incomplete, and many questions are 
dll to be answered satisfactorily. 

When phenol and formaldehyde react at room temperature in the 
resence of an alkaline catalyst, o- and />-hydroxybenzyl alcohols are 
ormed. According to Manasse, the reaction may proceed either by 
imple transfer of a nuclear hydrogen atom to the carbonyl group in a 
lanner analogous to the aldol reaction: 


OH OH 



r through the reaction of formaldehyde as methylene glycol (X) ac- 
ompanied by the loss of water: 

OH OH 



X 


t has since been suggested that the reaction may first involve the for- 
lation of a methylal compound followed by migration of the methylol 
roup to the phenol nucleus: 



Vhile analogous reactions are known to follow such a course, the fail- 

re to detect such an intermediate in this reaction argues against this 
lechanism. 

When the condensation is carried out in the presence of acid cata- 
^sts, only dihydroxydiphenylmethanes can be isolated during the reac- 
on. Both the 2,4'- and the 4,4'-dihydroxy isomers, but not the 2,2'-, 
an be isolated. According to Megson and Drummond, 2,4'-dihydroxv- 





PHEXOL ALDEHYDE RESIXS 


ture of the two isomers causes the formation of a resin and a resulting 
decrease in the 2,4'-isomer. Hugel and Mncent found that, whenever 
an excess of formaldehyde was used, the resins resulting from both 
alkaline and acid condensations were essentially the same. \Mien phe¬ 
nol was present in excess, however, acid condensation led to the forma¬ 
tion of permanently fusible resins while alkaline catalysts produced 
the infusible t\*pe of material in which unreacted phenol could be 

detected. 

When para-substituted phenols are used in place of phenol itself, di- 
methylol compounds may be isolated from the alkaline-catalyzed reac¬ 
tion mixture, although a corresponding compound has never been iso¬ 
lated from the reaction involving phenol itself. Ullmann and Brittner 
prepared and isolated 2,6-dimethylol-/’-cresol (XI) b\ reacting />-cresol 
with excess formaldehyde in the presence of sodium hydroxide: 


OH 

H0H2C/^CH20H 



Koebner later demonstrated that the condensation of this matenal wnth 
/■-cresol in an acid solution produces the three-ring compound (XII) 

OH 




CHs 



XII 


which can also be isolated, along with dicresylmethane. from the con 
densation of ^cresol and formaldehyde. An independent isolation o 
this three-ring compound has also been descnbed by Morg^, Megson 
and Drummond. This is indisputable evidence in favor ot the forma 

tion of long-chain hydroxybenzyl compounds. 

Further evidence for such chain formation was obtained b> Koebne 
from a ^ludv of the effect of var^-ing proportions ot formaldeh>d 
upon the moiecular weight of the resins. Increasing the « 

formaldebvde from one to seven moles per ten moles 
suited in a corresponding increase in the molecular weight of the 

produced. 
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Mole CH 2 O 

1 

2 

3 

4 

5 

6 
7 


Mol. Weight 

229 

256 

291 

334 

371 

437 

638 


The structure of resins prepared in the presence of an excess of 
/>-cresol may thus be considered to be 



where n is dependent upon the proportion of formaldehyde employed. 
This is further borne out by absorption spectra studies and refraction 
experiments which indicate the persistence of such phenolmethylene 
groups in these resins. 

The presence of a substituent in one of the reactive positions of the 
phenolic ring, ortho or para, is sufficient to prevent the formation of 
infusible resins. It may be reasoned that the transformation to an in¬ 
soluble phenolic resin requires the formation of methylene bridges link¬ 
ing together the long-chain molecules of the fusible resin. This con¬ 
tention is further substantiated by the formation of a C-stage resin 
from such direactive phenols, i.e., possessing substituents in the ortho 
or para position, by the inclusion of a very small percentage of a tri¬ 
reactive phenol, i.e., unsubstituted in either ortho or para positions. 
Baekeland’s original observation that the resinification of saligenin re¬ 


quires the addition of at least one-sixth mole of formaldehyde indicates 
that one cross-linking methylene group for every six phenol nuclei is 
required to form an insoluble resin. 

Schematically, the formation of a phenol formaldehyde resin may be 
represented by the following series of reactions: 



+ CH 2 O 


alkaline 

- > 

catal3rsts 


OH 

I^CHaOH 

V 


OH 

.A 


CH2OH 
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OH 

OH 

OH 

OH 


acid 


CH2<( )^h 





+ CH 20 -> 


X_ y _j_ 

( 

i 

j 




catalysts 










\ 

/ 


\ / 

C 

Ha 


\\’hen more than one mole of formaldehyde per mole of phenol is used 
under alkaline conditions, dialcohols may be formed: 


OH 

OH 


A. 


-f2CH?0 ^ 






CH 2 OH 


The dihydroxydiphenylmethane may condense to form methylol de¬ 
rivatives, three isomeric products being possible: 


CH 2 OH 




CH 2 OH 



Long-chain molecules are formed which possess free methylol groups 
and reactive jiositions (*) capable of reacting with more formaldehyde 



A low-stage resin is perhaps best represented by such a linear mole 
cule possessing fewer than six phenol nuclei. The presence of methylc 
groups in the reactive positions (*) is dependent upon the method o 
production, an excess of formaldehyde favonng the existence of sucl 

eroups in the linear molecule. 
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Hard resins are formed when the length of the chain is in excess of 
six phenol units. Size alone, however, is no criterion of insolubility; 
hence the possibility of a few scattered cross-linkages cannot be ignored. 



Insolubility and infusibility, however, are not reached until a sufficient 
number of cross-linkages are set up to form a macromolecule of great 
size (XIII). 



Degradation experiments have been carried out by several observers, 
and results support this conception. Allen, Meharg, and Schmidt re¬ 
port the formation of phenolic homologs on alkaline hydrolysis of per¬ 
manently fusible resins made from phenol, whereas Mochele found 
that the hydrogenation of phenol aldehyde resins formed phenols and 
light oils. Megson distilled fusible phenol formaldehyde resins under 
reduced pressure and examined the distillable materials. Resins from 
phenol produced, besides the dihydroxydiphenylmethane, phenol, and 
Wr-, and />-cresol, and xanthene (XIV) : 



, XIV 


proving the existence of o-o'-dihydroxy groupings in the resin. Cor¬ 
responding phenol homologs and xanthenes were isolated from resins 
produced from o~, m-, and />-cresol, and 3,5-xylenol. 

The loss of formaldehyde in the transformation to an infusible resin 
is often observed, and indicates the possibility of the formation of 



68 


PHENOL ALDEHYDE RESINS 


methylene ether bridges. Zinke, Hanus, and others report a series of 
experiments in which results indicate that condensation of para-sub- 
stituted dimethylol phenols may take place at the lower temperatures 
to form ethers of the structure (XV) : 



At the higher temperatures utilized in the heat-hardening process, form¬ 
aldehyde is split off, and the normal methylene bridge is produced. 
On gentle heating, the dimethylol compounds split off up to one mole¬ 
cule of water wnthout appreciable loss of formaldehyde. On prolonged 
heating, or at higher temperatures, up to one molecule of formaldehyde 
is then lost. 

The kinetics of the reaction of formaldehyde and phenols have been 
studied by a few investigators but seldom from classical kinetic con¬ 
cepts. Megson observed the reacti\nt}' of formaldehyde toward phe¬ 
nol, and found that the time required for an aqueous phenol formalde¬ 
hyde mixture to reach a stage of permanent turbidity increased in the 
order 3.5-xylenol, ni-cresol, 2.5-xylenol, 3,4-x>lenol, 2,4-xylenol, o-cre- 
sol. phenol. />-cresol. The time required for mixture of phenol and 
paraformaldehyde to reach a condition of permanent cloudiness, an 
indication of the heat-hardening capacity of the resin, increased in the 
order 3.5-xylenol, ni-cresol. phenol, />-cresol, o-cresol. 

Sprung studied the addition reaction of phenols and its homologs 
with paraformaldehyde in the absence of water by measuring the rate 
of disapp>earance of formaldehyde and found that here also the reaction 
is of the first order. The comparative reactivities of the several phe¬ 


nols are given in the following table. 


Phenol 

RaU Constant 

Comparative Rate 
(phenol = 1) 

3.5-Xvlenol 

0.0630 

7.75 

m-Cresol 

0.0233 

2.88 

2.3.5 * Tri meth yiphcnol 

0.0121 

1.49 

Phenol 

0.00811 

1.00 

3.4-Xylenol 

0.00673 

0.83 

2,5-Xvlenol 

0.00570 

0.71 

^Cresol 

0.00287 

0-35 

Sali^nin 

0.00272 

0.34 

O'Cresol 

0.00211 

0.26 

2.6-Xvlenol 

0.00130 

0.16 
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The condensation reaction, which was followed by the decrease in 
the bromine value of the reaction mixture, also apparently is of the 
second order. The rate of condensation of the several phenols de¬ 
creases in the order 3,5-xyIenol, in-cresol, phenol-saligenin. 2.3,5-tri' 
methylphenol, 3,4-xylenol, 2,5-xylenol, o-cresol, />-cresol, 2.6-xylenol. 

Thus the presence of a methyl group in metacresol greatly increases 
the reactivity, and two methyl groups in the meta position still further 
increase the rate of condensation with formaldehyde. The presence of 
groups in the ortho or para position, positions in which formaldehyde 
can add, reduces the rate of reaction greatly'. To obtain insoluble and 
infusible resins, it is necessary to have the three positions in the ring 
free to react. 

Commercial Production of Phenolic Resins 

The methods used in the manufacture of phenolic resins varj*^ greatly 
according to the properties desired in the final material. Generally 
speaking, phenolic resins may be divided into five classes: molding 
phenolics, cast phenolics, laminating resins, plywood resins, and var¬ 
nish resins. Each of the classes in turn may be further subdivided 
into several modifications. By far the largest application of phenol 
aldehyde resins is in molding, for the material is adaptable to the mass 
production of molded articles of high strength, resistant to attack by 
chemicals, light, and heat, and, in addition, can be produced in large 
quantities with small dimensional tolerances. Cast phenolic resins find 
their principal use where color and translucence are desired, whereas 
laminating resins are used to produce materials of high strength of 
rather simple shape and design. The use of solutions of phenolic 
resins as impregnants, especially for the impregnation of wood, has re¬ 
cently become of appreciable importance, whereas phenolic varnish 
resins have long been used to impart quick-drying properties and chemi¬ 
cal resistance to paints and varnishes. 

Molding Resins 

Molding phenolics are usually prepared either by a one-stage or two- 
stage process. The control of the reaction is much simpler by the 
latter process, and, consequently, the bulk of the molding resins is 
made in this way. 

In the one-stage process, about 1.2 moles of formaldehyde sufficient 
to produce an infusible resin is reacted with 1 mole of phenol in the 
presence of an alkaline or an acid catalyst by heating in a steam- 
jacketed kettle. The most common catalysts are ammonia and potas¬ 
sium or sodium hydroxide, although amines, alkali carbonates, mineral 
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and org’anic acids may also be used. The time of reaction is dependent 
upon the type and amount of catalyst, proportion of formaldehyde, and 
temperature, and must be carefully controlled to secure uniformity of 
product. After the initial reaction has progressed to the desired extent, 
water is removed under vacuum and the resin discharged from the 
kettle. The methvlol content of the resin at this stage must be suffi¬ 
cient to insure complete resinification at the molding temperature, and 
it is often necessaiy- to add more formaldehyde or to blend the resin 
with another batch which is higher or lower in methvlol groups in 
order to obtain a suitable resin. The resin is then mixed on heated 
rolls at 200-225° F with fillers, pigments, and mold lubricants. Such 
treatment also serves to bring about further condensation of the resin 
to a very viscous but still fusible state and is continued until the de¬ 
sired degree of plasticity is attained. The resin is then cooled in sheets 
and ground. The resin is usually sieved to uniform particle size. 

In the more common two-stage process, a fusible, soluble resin is 
first formed by the reaction of formaldehyde and phenol in a manner 
similar to the one-stage process. The proportion of formaldehyde used, 
however, is less than that required to produce an infusible resin; hence 
the control of the reaction is much less critical. Acid catalvsts are 
often used in this process and are subsequent!}' neutralized. Ammonia 
and alkali catalvsts are also used. After dehvdration. the treatment is 
similar to the one-stage process except that formaldehyde, sufficient to 
“cure" the resin, is added, along with the fillers, pigments, and lubri¬ 
cants, in the form of hexamethylenetetramine or paraformaldehyde. 
The former not only acts as a flux in the molding powder but also fur¬ 
nishes methylene groups to effect the final hardening, and, in addition, 
also liberates ammonia, an active catalyst, and shortens the time of cure. 

Transparent moldable phenolics overcome the objectionable color 
characteristics of the ordinar}' phenol aldehyde resin and possess re¬ 
markable clarity and depth of color. Usually a higher proportion of 
formaldehyde than in the two-stage process is employed, and the reac¬ 
tion is carefully controlled to prevent contamination of the resin. 
Stainless steel or nickel kettles are used, and, after removal of the 
water, careful neutralization of the catalyst is necessar}' to prevent dis¬ 
coloration. The molding powder is prepared in a manner similar to 
the ordinary* phenolic resin except for careful handling to prevent con¬ 
tamination, and chromium-plated thermosetting molds are used to form 
the molded article. Their use is not extensive. 

The properties of a molded part may be varied appreciably by 
the method of production of the resin and the choice of fillers used. 
In each of the different types, one or two of the properties are accen- 
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tuated, usually at the expense of the others. Thus wood flour fillers 
enhance the finish, accuracy of reproduction, and dielectric strength at 
the expense of color, heat resistance, and water absorption. Asbestos 
fillers increase the heat, chemical, and water resistance at the expense 
of weight and impact strength, whereas fabric fillers increase the flexu¬ 
ral and impact strength at the expense of water resistance and heat 
resistance. The latter fillers also adversely aflFect the color characteris¬ 
tics. A few of the more widely used fillers in the preparation of molded 
articles are wood flour, asbestos, graphite, macerated canvas fabric, 
paper, mica, clay, and cotton floe. 

Cast Resins 

Cast phenolic resins are characterized by even greater brilliance and 
depth of color than transparent phenolics, and find use in synthetic 
gems and decorative accessories. The strong resistance to oils and 
acids, quiet operation of moving parts, and easy machinability of cast 
resins, however, have resulted in their adoption as a tool of industry. 
Cast phenolic resins, in addition, can be milled on automatic screw ma¬ 
chinery, sanded, polished, bent, and shaped by heating to 250® F, em¬ 
bossed and carved and shrunk on metal shafts. Its uses are limited, 
however, by the fact that it is roughly cast and not pressed to the close 
tolerances of a molded piece. Furthermore, the method of production 
does not lend itself to the large scale of a molding process, and cast 
resins are consequently higher in cost. 

The resin is generally prepared by reacting 1.5 to 2.5 moles formal¬ 
dehyde per mole of phenol with an alkaline catalyst in stainless steel or 
nickel kettles by heating at 70-100® C. The time of reaction is de¬ 
pendent upon the conditions used, varying from % to 3 hours. Vis¬ 
cosity measurements are often used as a control for the reaction. 
Water is removed under vacuum, leaving a water-white-to-pale-amber 
viscous resin, after neutralizing the catalyst with organic acids. Plas¬ 
ticizers, glycerol to stabilize the moisture content, and mold lubricants 
are then added as well as dyes and pigments, and the resin poured into 
preheated lead molds. The conversion of the fluid resin to the high- 
molecular solid state is accomplished by a slow cure, 3 to 10 days, at 
temperatures below 85® C. Cast resins never attain the degree of *in- 
fusibility or the high heat resistance of molded articles as a result of 
the lower temperature cure. The compressive, tensile, and flexural 
strengths are unusually high, however, despite the absence of fillers. 
The water resistance is equal to that of a molded piece, but cast resins 
fog and cloud on aging unless materials are added to stabilize their 
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moisture content. Recent uses of cast resins as dies for aluminum 
stamping and patterns for sandcasting have been developed. 


Laminating Resins 


No fundamental difference exists between a laminating resin and a 
molding resin except in the nature of the filler. Molding resins are 
generally developed for speed of cure, whereas the laminating industry 
does not require this characteristic. A laminating resin is produced in 
a manner similar to a molding resin. 

The resin is dehydrated under vacuum and applied to the filler sheet, 
either as a solution in ethanol or as a partially dehydrated resin. The 
sheets are then dried at a relatively low temperature. This serves both 
to remove the volatile solvent and to condense the resin to a stage at 
which it is hard enough to be handled easily. The sheets are piled flat 
in large hydraulic presses with heated platens and cured at 250-325° F 
under pressures up to 10,000 pounds per square inch. The time for 
curing depends upon the thickness of the laminated piece, 2 to 30 min¬ 
utes being required. Simple molded shapes can also be made, but the 
lack of flow due to the interlaced fibers greatly restricts the shape of 
the article which can be formed. Paper, linen, canvas, cotton, silk, jute, 
and felt are all used as fillers for laminating resins. The important 


uses are as gears, tubing, electrical insulation, rods, decorative finishes, 
walls, table tops, barrels, and pails. Recent uses include laminated oil 
drums, vegetable oil buckets, and similar articles to alleviate the metal 


shortage. 


Plywood Resins 

In recent years, the development of wood products of greatly im¬ 
proved strength and durability through the use of s}nthetic resins has 
been the subject of a great many investigations. The limitations re¬ 
stricting the use of wood as a structural material rise from its non- 
homogeneity and unidirectional strength and the presence of flaws and 
weak spots. Improved with-grain strength, as well as overall improve¬ 
ments, can be accomplished by bonding together layers of wood which 
have been carefully chosen for uniformity and lack of flaws and weak 
spots. The use of glues as bonding agents for alternate cross- and 
long-grain plies results in improved strength in all directions. Pheno¬ 
lic resins are far superior to natural adhesives in water resistance and 
have largely replaced gelatin and casein glues where high bond strength 

is required. . , . 

The resins used as bonding agents are prepared by reacbng . 

2.0 moles of formaldehyde with 1 mole of phenol in the presence o 
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alkaline catalysts. The resin is then dehydrated under vacuum and 
used as a viscous liquid applied as a paste, or as a solution in an or¬ 
ganic solvent. Dry powders which can be dispersed in water to form 
a paste are also supplied, and possess the advantage of great stability. 
One type of bonding resin consists of a dry, slightly tacky film depos¬ 
ited on light tissue paper and has the advantage of ease of application, 
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Fig. 1. Three-Ply Veneer Assembly, Interleaved with Phenolic Resin Film. 

the film and veneers being very simply laid up in alternate layers. 
Phenolic resin films with no supporting media have also recently ap¬ 
peared. Bond strength of these resins often exceeds 3,(X)0 pounds per 
square inch. The resin bonding agents are cured by the application of 
heat and are remarkably water resistant. 

The use of resin solutions to impregnate wood veneers results in a 
product of greatly improved water resistance. Not only are the ve¬ 
neers bonded firmly together by the resin, but also the pores and inter¬ 
stices of the wood itself are filled with resin. Water-soluble phenolic 
resins are generally used, although alcohol solutions are aBo employed 
to some extent. Impregnating resins are of small molecular size pos¬ 
sessing sufficient methylol groups to render them heat hardenable. and 
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impregnation of the veneers can be accomplished by soaking of the 
veneers at atmospheric pressure or, better, by an alternate vacuum- 
pressure cycle. The veneers are then dried at an elevated temperature 
to remove water or solvent. The drying cycle also serves to react the 
resin to a higher degree of condensation, thus decreasing the curing 
time required, and also permits complete diffusion of the resin into the 
cellular interstices of the wood. Pressing of layers of the impreg¬ 
nated veneers is then carried out in a hydraulic press with heated 
platens in a manner similar to high-density plywood. Sometimes ad¬ 
ditional resin is applied between the veneers to improve the bonding 

effect. 

Uses for high-density and impregnated plywood have not yet been 
developed to an appreciable extent. Replacement of metals where 
water resistance and high strength for weight are desired will un¬ 
doubtedly seree as an increasing outlet for this material. Propeller 
blades are being made from this material at the present, and machined 
pieces are used to replace metal articles. 

Varnish Resins 

The hardness and chemical resistance of phenolic resins suggested 
tlieir use with drying oils, but early attempts to dissolve phenol alde¬ 
hyde resins in drying oils were not successful. Albert and Berend found 
that i f phenol aldehyde resins were fused with rosin, the resulting con¬ 
densate was soluble in drying oils. It was later found that condensation 
of certain phenols with only two reactive positions gave resins that could 
be dissolved in drying oils. Resins from coal-tar cresols and xylenols, 
which, e.xcept for metacresol and 3,5-xylenol, do not form insoluble 
condensates, have also been used with drjdng oils. Since the color from 
such materials is often dark, para-substituted phenols were made by 
synthetic methods for preparation of light-colored phenolic resins. 

Modified phenolic resins are widely employed for preparing rapid- 
drjing paints and enamels. The resins from cresols, coal-tar xylenols, 
and synthetic substituted phenols are used where a high degree of water 

resistance is required. 

Modified Phenolic Resins. The work of Berend and Albert in 
Europe, beginning in 1910, on the dispersion of phenolic resins m rosin 
led to resins which are soluble in drying oils. These resins were not 
produced in this country until 1926. when they were adopted for the 
production of the so-called four-hour varnishes and enamels. Their use 
has continued to expand since that time, and they are now widely used 
in the manufacture of paints, varnishes, enamels, and inks. 



VARNISH RESINS 

Resins of this type are usually produced by adding a low-stage phenol 
formaldehyde resin to rosin. On heating, the phenolic resin condenses 
further and combines with the resin acids present in rosin. 1 he struc¬ 
ture of this condensate has not been established, but apparently a bond 
is formed at the unsaturated groups in the resin acid. If hydrogenated 
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Fig. 2. Pouring Phenolic Resin Used for Varnishes. 

rosin is used in place o£ rosin, a much lower melting condensate is 
formed. 

Usually the phenolic rosin condensate is esterified with glycerol, al¬ 
though the acid condensate is also available commercially. Some of these 
acid condensates form an infusible ester when esterified with glvcerol. 
This points to the presence of dibasic acids formed from the phenolic 
resin and rosin acid. 

Abietic acid, one of the principal acids in rosin, is formed by isomer¬ 
ization with heat of other rosin acids. If a considerable amount of such 
dibasic acids are formed, the glyceride will be insoluble and infusible, 
since three-dimensional polymers are formed. 

Congo resin has been used sometimes in place of rosin. Since Congo 
is harder than rosin, higher melting resins are obtained at the same 
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phenolic content. Mixtures of Congo and rosin are also employed. The 
rosin-modihed resins are much more wddelv used. 

Instead of condensing a phenol formaldehyde with rosin, it is some¬ 
times condensed with ester gum. the glyceride of rosin acids. In this 
case, the condensate is esterified, and further reaction with glycerol is 
unnecessarv*. 


Commercial rosin-modified phenolic resins var}- somewhat in cost, 
color, solubilit}', and melting point, depending on the typt of phenol 
formaldehyde condensate used and the ratio of rosin to phenolic resin. In 
general, the melting point increases as the phenolic content is increased, 
but the melting point is also dependent on the type of phenolic resin em¬ 
ployed. Para-substituted phenols are often treated with formaldehyde 
to produce the condensates from which modified resins are prepared. 
The melting point of commercial resins ranges from 110 to 160° C by 
the ball and ring method. There is no agreement among manufacturers 
on a standard melting-point method, and ball and ring, capillar)' tube, 
and special methods are used. 

The viscosit)' of modified phenolic resins in aromatic solvents increases 
with melting point when the same phenolic resin is employed. Some 
resins, however, have somewhat higher \dscosit)' in solution than others 
of the same melting point. 

The color of the resins is usually measured by comparison with the 


types used in grading rosin. Resins with higher phenolic content and 
higher melting point are usually darker in color. The commercial resins 
vary from I to G. The specific gravit)' of the resins is about 1.1 or 
slightly higher. The acid number varies from 15-30, the higher melting 
resins being of higher acid number. Some resins are offered in which 
the acidity of the rosin phenolic condensate has not been esterified. Such 

resins have a high acid number, approximately 125. 

Phenolic Varnish Resins. Unmodified phenolic resins are often des¬ 


ignated as ‘‘pure" or “100 per cent" phenolic resins to distinguish them 
from the rosin-modified variety. They may be further subdivided ac¬ 
cording to the raw materials, cresols and xylenols, or para-substituted 
phenols. The para-substituted phenols may be further subdivided into 
non-reactive and heat-reactive resins. These resins are used with diynng 
oils and other resins in the manufacture of paints, varnishes, and 


enamels. 

Cresols and xylenols occur in coal-tar fractions, and are separated 
and refined. Recently cresols and xylenols from cracked petrokum oils 
have been offered in commercial quantities. Metacresol and 3.5-xylenol, 
as we have seen above, are more reactive than phenol with formalde- 
hvde and condense to form insoluble resins. Orthocresol condenses 
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slowly to form a resin which hardens but slowly. For this reason, 
orthocresol is usually separated from meta- and paracresol and is not 

largely used for production of resins. 

Certain coal-tar fractions which do not have a high content of meta- 

substituted phenols are condensed with formaldehyde in acid solution, 
resulting in resins which are soluble in drjdng oils on heating. These 
resins are often dark in color, and vehicles made from them dry slowly 
because of the antioxidant effect of the phenolic compounds present. 
They are, however, fairl}' low in cost and impart good water resistance 

and durability to paints. 

Pure phenolic compounds are prepared from phenol and tertiary'’ al¬ 
cohols or olefins leading to the formation of />-tertiaiy^-substituted phe¬ 
nols. These compounds include /^-t^rt-butylphenol, />-f^rf-amylphenoI, 
/)-t^rt-oct}'lphenol, phenylphenol, and terpene phenol. 

Since these compounds have only the two ortho positions free to 
form pohmers, only linear compounds are formed (XVI). 
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If alkaline condensation is employed and the reaction is not completed, 
resins containing methylol groups are formed (X\'I1). 
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XVII 


Such resins on further heating will condense further to form high- 
melting compounds. 

Such reactive resins may be heated with ester gum to form high- 
melting resins comparable to the rosin-modified resins. They are also 
used with drying oils, where they condense further on heating. It is 
possible that some combination of the resin with the drying oil occurs, 
particularly with tung oil. Such reaction is not quantitative, and the 
extent of the reaction has not been accurately measured. 

The non-heat reactive resins impart water resistance to varnishes, and 
are fairly light in color. Phenolic resins, however, discolor somewhat 
on aging when prepared from para-substituted phenols. 
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The color of the resins themselves is quite light, some being lighter 
than the palest npe, X. on the gum rosin scale. Their specific gravity 
varies from 1.05-T2, depending on the phenols used. The acid num¬ 
ber is approximately 50-125. This acidity is due to phenolic groups, 
and not to carboxyl groups. Their melting point, by the ball and ring 
method, varies from 80-110° C. Resins of this type vary somewhat 
in solubility and may require aromatic hydrocarbons when varnishes 
are thinned. 

Oil-Modified Phenolic Resins. Where a maximum resistance to 
water is required, phenol or a phenol aldehyde resin is condensed with 
fatty acids or drying oils in acid solution. These resins are partially 
condensed, and the final condensation is accomplished by baking the 
film. Sometimes the phenolic resin content is high, the diying oil being 
present in minor amounts to improve adhesion and flexibility of the 
cured resin. 

Phenol Furfural Resins 

Other aldehydes than formaldehyde react readily with phenol, but 
these resins are not commercially important except the reaction product 
of phenol with furfural. The condensation products are much darker 
in color than the resins from formaldehyde. The resins are formed by 
the condensation of furfural with phenol in alkaline solution. The con¬ 
densates cure on heating to 350° F with the evolution of heat. This 
polvnierization is believed to l>e of the vinyl type, involving the double 
bonds in the furane ring (XVIII). 



XVIII 

Formaldehvde has been used along with furaldehyde in some instances. 

^ 4 * 

The re.'in? have been used tor laminating varnishes, but are pnnci- 
pally used in molding. They can be molded by injection methods since 
they can be heated for extended periods without hardening. The molds, 
however, must be heated to higher temperatures to effect a cure. 

Furfural phenol resins are principally used in compression molding. 
Thev are useful for brown or black molded pieces, particularly where 
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heat resistance is desired. The molding powders are filled with wood 
flour, mineral fillers, or fabric fillers, depending on the properties de- 

sired. 

REVIEW QUESTIONS 

1. State briefly the methods for producing phenol. 

2. Discuss the reactions leading to the formation of soluble and insol¬ 
uble phenolic resins. 

3. Compare the reactivity of various phenols with formaldehyde. 

4. How are phenolic molding resins produced? 

5. What types of phenolic resins are used in paints and varnishes? 
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CHAPTER 4 


UREA AND MELAMINE FORMALDEHYDE RESINS 


Urea formaldehyde resins in the last decade have advanced to an 
established position in the plastics, coatings, and the adhesive field. In 
plastics, urea formaldehyde resins are valuable supplements to phenol 
formaldehyde resins, particularly where light colors and pastel shades 
are required. The rapid cure obtained at ordinary’ temperatures has 
resulted in many uses of adhesives. The alcohol-soluble urea resins 
impart an unusual hardness to baked finishes, where they are used to 
reinforce other resins. 

Melamine formaldehyde resins have recently been introduced and 
are finding application in the same fields. Their superiority to urea 
resins in heat and water resistance is advantageous in many applica¬ 


tions. 

Both urea and melamine, raw materials for the resins considered in 
this chapter, have been known for over a century. The s)'nthesis of 
urea by Wohler in 1828 marked the beginning of synthetic organic 
chemistiy and was the first natural product prepared in the laboratory. 

The reaction between formaldehyde and urea was not studied until 
years later. Holzer. in 1894, studied the products of reaction in acid 
solution. Goldschmidt, in 18%. isolated and studied a compound, ob¬ 
tained in neutral solution, whose structure has been subjected to con¬ 
siderable study since that time. 

Einhorn first isolated mono- and dimethylol urea, important inter¬ 
mediate products in the formation of urea resins. Dixon studied re¬ 
action products of urea and formaldehyde in 1918, and M alter has 
more recently made a comprehensive study of products from acid and 


alkaline condensation. 

Commercial development began in 1920. when a patent 
to lohn on glass-like products and glues from urea and formaldehyde. 
Poliak, in 1923, described the use of alkaline catalysts and cast prod¬ 
ucts made by curing the condensates. Commercial production of urea 

Lins did not begin in the United States until 1928. The production 
was small at first, but has expanded rapidly in recent y^s. The pro¬ 
duction of urea resins was 35 million pounds in 1941. The production 
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of crystalline urea in the United States, beginning in 1935, has helped 
to promote this growth. 

In 1834, melamine was isolated by Liebig, who named it. Thus it 
was isolated soon after urea. Commercial production of melamine 
and derived resins began in the United States in 1940, and uses for 
melamine resins are now being developed. Generally, they are some¬ 
what similar in properties to urea resins, but they do have several 

superior qualities. 

Raw Materials 

Manufacture of urea is usually carried out at plants making synthetic 
ammonia, since this is one of the raw materials. It is mixed with car¬ 
bon dioxide under pressure, an excess of ammonia over the theoretical 
amount being used. Ammonia carbamate (I) is first formed, which, 
on heating at 135® C, loses water to form urea. The solution of urea 
thus formed is evaporated under vacuum, and urea (II) is crystallized 
from the concentrated solution, 

O 

li 

2NH3 + CO2 —^ NH4CO0NH2 H2N—C—NH2 

I II 

Melamine is prepared from calcium cyanamide, which, in turn, is 
produced from calcium carbide and nitrogen. Calcium carbide on be¬ 
ing heated in the presence of nitrogen forms calcium cyanamide. Cyan- 
amide (III) is liberated with acids and pol^'merizes to dicyandiamide 
(IV) on heating. On further polymerization, melamine (V), which 
is the cyclic trimer of cyanamide, is formed. 

NH2 

C 

NH2 / % 

I N N 

CaCN2 H2N—CN ^ HN=C |1 | 

1 H2N— C C— NH2 

NH \ ^ 

1 N 

C 

III 

N 

ni IV V 

The formation of melamine from dicyandiamide may be carried out 
at 100 to 400° C at 10 to 100 atmospheric pressure in the presence of 
anhydrous ammonia. The presence of ammonia reduces the formation 
of deamination products of melamine, melam, melem, and melon. A 
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more recent method (6) consists in heating dicyandiamide at 300® C at 
atmospheric pressure. Melamine may be purified by recr>'stallization 
from water. 

The preparation of formaldehyde has been described in the preced¬ 
ing chapter. 

Thiourea is also used in limited amounts for resins. Amimmium 
thiocyanate is recovered from coal-tar gases; this rearranges to thio¬ 
urea (VI) on heating. 

NH2 


/ 

NH4CNS — s=c 

\ 

NH2 


Thiourea may also be produced from calcium cyanamide. which is 
converted to cj’anamide by sulfuric acid or carbon dioxide. This is 
treated with hydrogen sulfide in the presence of ammonia, yielding 
thiourea (VI). Thiourea cr)stallizes from concentrated water solution. 


CaCNo 


NH2 

/ 

HoN—CN + H2S — S=C 

\ 

NH2 

\T 


Aniline is also used to a limited extent in the manufacture of resins 
by condensation wth formaldehj’de. Aniline is often used in admix¬ 
ture with other resin-forming materials, as phenol or urea. Aniline 
(VH), wndely used for manufacture of intermediates for dyestuffs, is 
prepared by the reduction of nitrobenzene. 
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1 -h HNO 3 
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Sulfonamides are used wth urea as modih-ing agents, and also as 
plasticizers. Resins may be made from sulfonamides by condensation 
with formaldehyde, which are used as plasticizers. The sulfonamide 
are made bv sulfonating an aromatic hydrocarbon with strong sulfum 
acid, converting to the sulfonchloride^ (VIII), which is treated witt 

ammonia to form the sulfonamide (IX). 
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VIII 
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Reaction Products of Urea and Formaldehyde 

The simplest reaction product of urea and formaldehyde is mono- 
methylol urea (X). This may be prepared from paraformaldehyde 
and urea in alcohol solution, using an alkaline catalyst. Barium hy¬ 
droxide has been used as the catalyst, also sodium and potassium hy¬ 
droxide. Dimethylol urea (XI) can be made under the same condi¬ 
tions, but using two moles of paraformaldehyde. Dimethylol urea may 
also be prepared in aqueous solution, with alkaline catalysts and em- 
plo)dng temperatures in the neighborhood of 30® C (3). 
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N—CH 2 OH 
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XI 


Further condensation may result in the formation of methylene 
bridges between two urea molecules. This type of condensation can 
continue with the formation of linear chains (XII). 
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The polymerization may proceed through the intermediate formation 
of a methylene urea (XIII) 



XIII 


XIV 


which polymerizes as do vinyl compounds to produce a linear polymer 
(XII) suggested above. If this were the only reaction, the addition 
of a small amount of dimethylol urea to yield dimethylene urea (XIV) 
would result in an infusible insoluble resin. Apparently the mechanism 
is not so simple since higher ratios of formaldehyde to urea are em¬ 
ployed in preparing infusible resins. 
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Walter (7) has found a methylene urea formed in strongly acid solu¬ 
tion which is insoluble in water and does not polymerize. He has sug¬ 
gested the formula (XV) for the material: 

XV 

Goldschmidt, in 18%, isolated a compound from the reaction prod¬ 
ucts of urea and formaldehyde in neutral or acid solution which had 
the empirical formula C 5 H 10 N 4 O 3 . The structural formula suggested by 
Goldschmidt was later shown to be in error. Later, Dixon isolated 
the same product by heating dimethylol urea above its melting point, 
with the loss of two molecules of water and one of formaldehyde for 
two molecules of dimethylol urea. Formula (XVI) was suggested as 

H 

HN—C—N—CH 2 OH 

1 H 1 

o=c c=o 

1 H 1 

HN—C—NH 
H 

XVI 


the structure of the compound. This structure seems open to some 

question because of its eight-membered ring. 

W'alter ( 7 ), however, found that the compound contained two pri- 

mar>’ NH 2 groups. He suggested the structure (XVII) for the com- 
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linkages (XVIII) 


,0CH2NH 
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NH 
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XV^II 


XIX 


(XIX) in other urea formaldehyde condensation products. The 
oad structure is not probable from stereochemical considerations. 
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Methylene linkages serve as bridges to connect the urea molecules in 
the molecule; but ether bridges may also be present, particularly before 

the resin is finally cured. 

It has been suggested (4) that a methylene urea formed by dehydra¬ 
tion of dimethylol urea forms a cyclic trimer (XX), 
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XX 


The methylol groups may form methylene groups and new rings yield¬ 
ing a highly branched structure if all three groups react to continue 
polymer growth. Such cyclic compounds, however, have not been iso¬ 
lated from monomethylol urea. 

Compounds isolated from urea and formaldehyde in intermediate 
stages of condensation are all of low molecular weight, usually under 
1,000. It appears that the structure in urea aldehyde resins is highly 
branched, and long linear molecules, which later become infusible with 
a slight degree of branching, are not formed. Instead, small molecules, 
which are all potential cross-linking units, and a highly branched struc¬ 
ture are formed. Such a system might be expected to contain consid¬ 
erable low-stage resins which have not formed large polymers. 

The reaction of urea and formaldehyde is sensitive to the acidity or 
alkalinity of the medium in which they react. Commercial formalde¬ 
hyde is usually acid. This acidity is usually higher than is desired, and 
must be neutralized at least partially. Alkaline salts have been sug¬ 
gested to buflFer this acidity. If an excess of formalin is used, the con¬ 
densation is less rapid, and more acid solutions may be used wthout 
danger of gelation. 

As we have seen, methylol compounds are formed with alkaline cata¬ 
lysts. The structure of compounds formed on further condensation 
with alkaline catalysts has not been established, but infusible products 
are not formed. If the condensation is made in acid solution, reaction 
proceeds more rapidly the more acidic the solution. Strong mineral 
adds result in a rapid formation of insoluble materials with the evolu¬ 
tion of considerable heat. Salts also accelerate the hardening of urea 
formaldehyde resins, particularly acid salts and salts that become acidic 
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on warming. !Many accelerators have been suggested as hardeners for 
urea aldeh 3 ^de molding resins. Nearly all these are compounds which 
liberate acid on warming. Hardeners which are effective at ordinary 
temperatures are acids, acid salts, and ammonium salts. 

The urea formaldehyde resins are remarkable in their reactivity, 
since they will harden at ordinary temperatures, and cold-setting ad¬ 
hesives are possible. For molding, this reactivity must be controlled so 
that the resin flows before it finally hardens. 

Resins from Thiourea. Thiourea condenses with formaldehyde un¬ 
der much the same conditions as urea. The resins are somewhat less 
soluble in water and may be precipitated by adding water. Molded 
parts from thiourea are said to be much less affected by water than 
urea moldings. Mixed urea thiourea formaldehyde resins have also 
been suggested. They have not, however, been developed on a com¬ 
mercial scale. 


Alcohol-Soluble Resins 

Urea formaldehyde resins made in aqueous solution are not soluble 
in organic solvents at any stage of condensation. The hardness and 
lack of color suggested their use in lacquers and enamels. It was found 
that by condensing a low-stage resin with butanol and higher alcohols, 
products could be formed which are soluble in alcohol and can be 
thinned with aromatic solvents. Lauter, in 1927, showed that urea 
formaldehyde resins could be condensed in acid solution with glycerol 
and other polyhydric alcohols, and also with monohydric alcohols. These 
condensation products were soluble in alcohols. The alcohol combined 
with the urea aldehyde resin and modified the product by combining 
with methylol groups in preventing their further condensation to form 
large polvmers; also the alkoxy group, which is present, gives the resin 
solubility in organic solvents. The methylol group combines with 
butanol in acid solution to give an acetal (XXI). 
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Some butoxv groups remain in a cured resin of this type, since the 
nitrogen content is lower than that of a cured unmodified urea fonn^- 
dehyde resin. Higher alcohols, as octyl alcohol, have also been us^. 
giving resins which are soluble in a wider variety of organic solvents. 



melamine and formaldehyde reaction products 8: 

Resins from Aniline and from Sulfonamides 

The aromatic amines and sulfonamides having' only one reactivi 
group form only linear and fusible polymers (XXIII). This assume; 
that aniline, for instance, will not form methylene linkages betweei 
rings. Apparently this usually does not occur except at high tempera 
tures. 

NH2 

fA 

I + CH20 

V 

XXII XXIII 

The methylol compound has not been isolated, since the condensatioi 
occurs only in acid solutions, and the methylene compound (XXII 
is the simplest compound which may be isolated. This methylene com 
pound polymerizes to linear molecules which do not become infusible 
When used with phenol aldehyde condensates, they seem to limit tin 
extent of the polymerization. 

Sulfonamides react with formaldehyde in much the same manner a 
urea. Linear condensation products are formed. The linear polymer 
are of a fairly low degree of polymerization since they are fairly soft 
The sulfonamides may be used to limit the degree of polymerization o 
urea formaldehyde resins. 

Melamine and Formaldehyde Reaction Products 

Melamine condenses with formaldehyde in acid or alkaline solution 
Methylol melamines may be isolated from the products obtained ii 
alkaline solution. Six molecules of formaldehyde may be condensec 
with melamine to form the hexaniethylol compound (I), which appar 
ently separates as the monohydrate. 

N(CH20H)2 

C 

/ \ 

N N 

(H0H2C)2N—C c_n(CH20H)2 

\ /- 

N 

I 

This compound is the most stable of the methylol compounds. an( 
the complete combination limits the possibility of forming polymers t( 
the formation of ether linkages. 
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The trimethylol (II) compound has also been isolated. This is less 
table, and unless held at low temperatures forms pohmiers readily. 
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X—CH2OH 
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\ /- 
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This compound can condense further to give three-dimensional in- 
ioluble compounds since pohmer chains can grow in six directions 
(III). This is, of course, far greater complexity than is necessaiy' for 

-XCH2- 
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CH. X X CH2 
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X—C C—X 

NX// 

X 

III 

the formation of insoluble polymers. Theoretically, a mixture of mono- 
methvlol melamine and a small amount of dimethylol melamine should 
form insoluble polymers if methylol groups reacted only to form meth- 
\ lene linkages between melamine units. Actually, some methtdol groups 
are lost, being eliminated as fonnaldeh}de. and two methylol groups 
react to form an ether linkage, thus employing two methylol groups to 
produce a single bond (I\ ). Thus the amount of formaldehyde re- 
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X—CH2OCH2—X 
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/ X ^ / X 

X X X X 

i I 

r\^ 

quired for heat-hardening melamine resins is considerably greater than 
one mole per mole of melamine. 

Methvlol melamines react with polv- and monohydric alcohols to 
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solutions may be used with other film-forming materials. The mela¬ 
mine formaldehyde resin hardens by further condensation on baking. 
The materials used with melamine usually have free hydroxyl groups, 
and it is possible that there is some linkage between them and the resin 
by acetal formation. Thus, a pol 3 'ester from glycerol, phthalic anhy¬ 
dride, and drying-oil acids ma\^ contain unesterified alcohol groups. 
The presence of a minor amount of melamine aldehyde resin will result 
in much greater hardness when mixtures are baked. 


Manufacture of Urea and Melamine Resins 


Since urea and melamine formaldehyde resins are largely made from 
aqueous formaldehyde, the reaction is usually carried out in corrosion- 
resistant equipment. Stainless steel, nickel-clad steel, and nickel alloys 
have been used as reaction vessels (2). Conditions of condensation 
vary somewhat with the method of application of the resin. For mold¬ 
ing, powders, the ratio of formaldehyde to urea apparently has been 
varied through a wide range. The methods described in the early liter¬ 
ature require a large amount of formaldehyde, often three or more 
moles of formaldehyde to one of urea. In strongly acid solutions, such 
ratios are needed to prevent rapid precipitation of an insoluble resin. 
As controls of the acidity were employed, lower ratios of formaldehyde 
were sufficient, and two moles of formaldehyde or less per mole of 
urea were found satisfactory. The acidity of the formaldehyde is re¬ 
duced by controlled addition of alkalies or alkaline salts. Determina¬ 
tion of the hydrogen-ion concentration, or />H, has been found to be 
necessary to control acidity within the desired range. Free or titratable 
acidity, is not especially indicative of the effect of the medium on the 
course of the condensation, whereas the pH is a useful index of the 
rate of condensation. Usually a pH from 5-6 is recommended, al¬ 
though wider ranges have been used. 


Urea dissolves in aqueous formaldehyde with the absorption of heat, 

and the mixture drops in temperature 20 degrees or more, depending 

on the ratio of urea to formaldehyde solution. The acidity of the 

formaldehyde is often adjusted before addition of urea, but in some 

cases the p'H may vary as the condensation proceeds, and further ad¬ 
justment is required. 

The condensation is carried out at temperatures varying from 60° C 
to the boiling point and continued until the desired degree of conden¬ 
sation has occurred. Water may be removed at low temperatures by 
vacuum evaporation to keep the resin from condensing to an infusible 
state. In some cases, separating a dry resin and incorporating fillers 
on mixing rolls, as with phenolic molding resins, have been suggested. 
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This is usuallv not satisfactory* with urea resins, so the evaporation is 
stopped when a thick syrup is obtained. This syrup is thoroughly 
mixed with cellulose fibers, colors, dyes, mold lubricants, and accele¬ 
rators. The mixture is then dried under controlled temperature and 
humiditv. A small amount of moisture is left in the product since an- 
hvdrous powders are more difficult to preform and mold. 

Other fillers than cellulose have been used with urea fonnaldehyde 
resins, but witb.out too much success. It has been suggested that cellu¬ 
lose coinbines with the urea resins in the same m.anner as tl'ie lower 
alcohols. Since cellulose forms acetals with formaldehyde, it is pos¬ 
sible that such reactions occur to a limited extent. 

For manufacture of adhesive resins, the condensation of urea and 
formaldehvde is carried out under somewhat similar conditions. In 
th.is case, however, hllers are not generally employed. \ acuum evap¬ 


oration mav be employed to give resin syrups. Recently the use of 
dry powdered adhesives has become popular. These powders can be 

best prepared bv spray-drying the resin syrup. 

The alcohol-soluble urea resins are usually made irom dimethylol 
urea or low-stage urea resins containing a high content of methylol 
groups. Such resins are made by condensing urea ^^-ith aqueous for¬ 
maldehvde. using two or more moles of formaldehyde to each mole of 


urea. 

attires 


The condensation is carried out in alkaline solution, at temper- 
usuallv below 30= C. Much of the resin crystallizes ^out and 


mav be partially dried by centniuging. 

Thi- low-stage resin is suspended in butanol or higher alcohol, an 

a ^mail ainounfof acid is added. Organic acids and mineral acids have 
been used for catalysts. Water is formed on heating as^ the reaction 
proceeds and is removed by distilling it oit with part oi the alcohol. 
Thi^ distillation is continued until water is no longer evolved: more 
alcohol IS added as required. The hnished resin is supplied in solution, 
since attempts to prepare the dry resin result in an msoiuole ge.. _ 
Considerable variation in the resin formed is possible by control oi 
conditions in the reaction with the alcohol, n-pe oi alcohol used, and 
in de-ree of polvmerization of the urea aldehyde condensate u.ed. 

Conditions for formation of melamine formaldehyde resms 
what diiberent than for urea formaldehyde resins due to their o^^ u- 
bihty in water and aqueous formaldehyde at_ ordina^- temperature. 
The condensation with aqueous lormaldehyde usua > j 

.e„,p.™„res of 90= C or higher. The errecr o, “d"?' 

on the condensation apparently is not so great nor doe. it need a. 
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Melamine resins find much the same use as do urea resins, as adhe¬ 
sives, for molding, and for preparation of alcohol-soluble resin solu¬ 
tions. 

The molding resins are prepared in somewhat the same manner as 
urea resins of the same type. They are marked by greater heat and 
water resistance. The alcphol-soluble resins are made in a variety of 
types similar to urea alcohol-soluble resins. They may be produced in 
several degrees of polymerization and with varying amounts of com¬ 
bined butanol. Mixed melamine urea formaldehyde resins of this type 
are also produced commercially. 

Application of Urea and Melamine Formaldehyde Resins 

Adhesives. Urea resins are offered in the form of syrups and as 
dry powders for use in adhesives. Because of the greater stability and 
ease in handling, the powdered form is displacing the liquid adhesives. 
Recently the powdered resins have been generally offered for home 
consumption. Since urea aldehyde resins are somewhat hygroscopic 
and tend to lump if damp, a small amount of starch or other material 
is added to prevent this (1). 

The liquid resins require heat to complete the polymerization result¬ 
ing in hardening of the resin. If acids, acid salts, or certain ammonium 
salts are added to the syrups, they harden at ordinary temperatures. 
Many of the dry resins contain a hardener and do not require such 
additions. If, however, a solution is made of such resins, it is neces¬ 
sary to use it in the few hours before it sets up. Some dry resins are 
supplied with hardeners in a separate package. 

In some cases it is possible to dilute urea resin adhesives with low- 
cost extenders, as starch, without too greatly affecting the strength and 
other properties of the adhesive. In extreme conditions, two or more 
parts of extender are used with one of resin. 

Urea resin adhesives have been widely used in the manufacture of 

plywood, especially where it is desired to operate without the use of a 

heated press. The water resistance of a sample of plywood made at 

ordinary temperatures is often satisfactory. Where greater moisture 

resistance is essential, higher temperatures up to 300® F are employed. 

Phenolic resins are more water resistant and are used where this prop¬ 
erty is essential. 

Urea resins are also employed in impregnation of textiles and paper. 
In the manufacture of laminated decorative panels, paper or fabrics 
are dipped in a water solution of the resin and dried. On being heated 
under pressure, a hard, mar-resistant surface is obtained. Phenolic 
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resins are widely used for laminated materials, but urea resins are em¬ 
ployed where light colors are required. 

^^’ater-soluble resins are also used in treating textiles. If penetration 
of the fibers is desired, low-stage or slightly condensed resins are used. 
Such resins are not used as adhesives. By using a penetrating resin it 
is possible to apply the resin without stiffening the fabric. Where more 
highly condensed urea formaldehyde resins are used, a pronounced 
stiffening results. The penetrating resins greatly reduce the dimen¬ 
sional changes of cotton on exposure to moisture. The low-stage resins 
are usually offered in powder form since they are much more stable. 
Accelerators may be used, but usually they are not especially active 
since the fabric is heated to dry, effecting complete condensation oi 
the resin. 

Molding Resins. Urea formaldehyde resins are widely used for 

O ^ - 

compression-molding a wide varieU' of articles. Usually they are em¬ 
ployed where the bright colors which may be obtained with urea resins 
are desired. No discoloration occurs on molding or in subsequent aging 
under normal conditions. 

Molding procedures are similar to those employed with phenolic res¬ 
ins. Urea resins cure somewhat more readily than phenolic resins. 
Molded pieces do not have the dimensional stability of phenolic resins, 
but melamine resins are superior to urea resins in this respect and are 
equal or better than urea resins in color stability. Urea formaldehyde 
molding powders usually contain about 50 per cent resin, although the 
amount of resin may vaiy- somewhat in various powders. They are 
molded at a pressure of 1 to 4 tons per square inch at 280-320"' F. 
Higher temperatures are not adHsable since overcuring may occur. 
The molding cycle lasts 1 to 3 minutes, depending on the size of the 
piece. Some saving in molding time may be accomplished by heating 

the tablets before they are molded. 

Although urea formaldehyde resins have never been successfully 
used in transparent moldings, they are widely used in translucent mold¬ 
ings, which transmit up to 65 per cent of Hsible light through thin 
sections. By addition of pigments, the molded pieces may be rendered 

entirely opaque. 

For short periods of time, urea formaldehyde molded parts wid stand 
temperatures as high as 245° F but cannot be used at temperatures 
above 170° F continuously. Discoloration and loss of translucency 
and strength occur at prolonged exposure above this temperature. 

^klelamine formaldehyde resins are somewhat better m this respect 
and will withstand temperatures above 200° F continuously. Absorp- 
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tion of water with melamine molding resin is one-half to one-third that 
occurring with urea resins. Molding resins are made in which urea 
and melamine are condensed with formaldehyde. 



Armstrong Cork Co. 

Fig. 1. Molded Caps from Urea Formaldehyde Resin. 

Alcohol-Soluble Resins. Alcohol-soluble resins are made in several 
types but are seldom applied alone. They are used as hardeners for 
other materials, particularly polyester resins. If used with some of 
the urea resms, the polyester resin must be carefully chosen or specially 
made to blend satisfactorily. The alcohol used in forming these urea 
resins determines their solubility and miscibility with other materials. 

The resm solutions offered commercially usually contain 50-60 per 
cent solids, the alcohol being the chief and often the only solvent 
Butanol is usually used, but octyl alcohol is also employed, and aromatic 
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a\’ailable which contain a polyester resin which has been used to modify 
the urea resin. These solutions may be used without addition of other 



Fig. 2. Kettles for .\lcohol-Soluble Urea and Melamine Resins. 


resins, but usually they are used with plasticizing resins or drvdng resins 
°^ThLralcohol-^ble urea resins were first used 

oil elvceride^ The presence of the hydroxwl group m the ca.^tor o 
acid makes possible condensation between the resins. Since non ryyng 
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polyester resins have less tendenc}" to discolor at baking temperatures, 
they are preferred where whites and light shades are desired. 

Sebacic acid polyesters as well as phthalic acid polyesters have been 
used as plasticizers for alcohol-soluble urea formaldehyde resins. Some 
types of sebacic polyesters harden on baking, and larger amounts of 
such resins may be used with the urea resins. Nitrocellulose has also 
been used with urea resins, usually in conjunction with polyester resins. 
Alcohol-soluble urea resins may be used with a wide variety of natural 
resins and in minor amounts with certain acrylate resins. 

It was found that by suitable modification, urea resins could be used 
with the drying or baking t}^e of polyester resins. Since the polyester 
hardens on drying, smaller amounts of urea resin are required, and less 
time is needed. The time of baking will depend on the temperature 
and wnll vary from 10 to 15 minutes at 350° F to one hour at 250° F. 
The use of acid catalysts soluble in organic solvents to reduce the time 
of baking at lower temperatures has been suggested (5). 

With urea resins modified with octyl alcohol, it is possible to use 
polyester resins containing a high percentage of drying-oil acids, or 
“long-oir* resins, as they are often designated. It has also been foimd 
that these resins can be used with certain oleoresinous vehicles. These 
vehicles should, in general, be high in resin content, and the resins 
must be carefully selected, the resins from rosin often being selected. 

Alcohol-soluble melamine resins are applied in much the same way 

as urea resins. They are more stable to heat and may be baked at 

somewhat higher temperatures \vithout discoloration. They impart 

greater hardness or may be used in smaller amotmts to impart equal 
hardness. 

Vehicles containing alcohol-soluble urea resins are used in finishing 

refrigerators and cabinets, metal furnishings, cans and drums, molded 
phenolic plastics, and fabrics. 


REVIEW QUESTIONS 

1. Outline briefly methods for the manufacture of urea. 

2. What is the effect of the degree of acidity on the condensation of 
urea and formaldehyde? 

3. How are alcohol-soluble urea formaldehyde resins employed ? 

4. How are alcohol-soluble melamine formaldehyde resins prepared ’ 

5. What advantages do melamine resins possess over urea resins ? 


II 
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CHAPTER 5 


POLYESTERS AND POLYAMIDES 

POLYESTERS 


Introduction and History 

Polyester resins in the last fifteen years have advanced rapidly to a 
leading position in the resin field. Phenolic resins alone surpass them 
in the volume produced. Polyester resins are used principally in the 
manufacture of protective coatings and to reinforce or replace vehicles 
made from drying oils. These resins are now widely used in Army 
and Navy equipment and the use of raw materials for polyester resins 
in other materials of war has limited their production. The production 
of polyester resins in 1941 exceeded 100 million pounds. 

Polyamides have been produced commercially since 1940, Produc¬ 
tion now exceeds 8 million pounds annually and is being increased. 
Since polyamides may replace silk to advantage, they are now strategic 
materials. 

The first polyester of record was polyglyceryl tartarate, prepared by 
Berzelius in 1847. Since that date many polyesters have been made 
in the laboratory. In 1901 Watson Smith condensed glycerol and 
phthalic anhydride. Subsequent investigators found that the addition 
of monobasic acids to glycerol and phthalic anhydride in the esterifica¬ 
tion prevented the formation of insoluble gels. In 1927 Kienle used 

unsaturated fatty acids to prevent gel formation and obtained resins 
which dried on baking. 

Commercial production of polyester resins began about 1930, and 

their use has expanded greatly since that time. Resins from phthalic 

anhydride are produced in by far the greatest volume. Resins from 

maleic and from sebacic acid were introduced about 1930 and are now 
important commercial resins. 

Polyester resii® are produced from a wide variety of raw materials 
but can be divided into three classifications: the drying resins which 
polymerize further on exposure to air in thin films or on baking; the 
plastiazmg resins which are usually used with other resinous materials 
to impart flexijylity: and the hard resins which are used princiDallv 
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^aw Materials 

Phthalic anhydride (I), the most important raw material for poly¬ 
ester resins, is prepared by the catalytic oxidation of naphthalene (II) 
It high temperatures over vanadium pentoxide. Some maleic anhydride 
^III) is also formed in the oxidation, and by changing conditions the 
unount of maleic anhydride formed can be increased somewhat. 



u I ui 


The oxidation is conducted at carefully controlled temperatures, and 
the anhydride is condensed 2 ls long needles. These needles are low in 
density and are often melted and flaked to yield a denser product 
Commercial phthalic anhytiride has a high purity, melts at 130.7— 
131.2®, and contains less than 0.5 per cent maleic anhydride. 

Maleic anhydride is obtained as a by-product of phthalic anhydride 
manufacture but also is prepared (III) by the catalytic oxidation of 
benzene and olefins. The commercial product melts at 52® C. 



HC—COOH 

!! 

HOOC—CH 


IV 


Fumaric acid (IV) may be formed from maleic add but recently 
has been produced commercially by fermentation of sugars. 

Adipic acid (V) is produced by the oxidation of cyclohexanol, whidi 

is obtained by hydrcgenation of phenol. 




V 
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Sebacic acid is produced by the action of aqueous solutions of alka¬ 
lies, as sodium hydroxide, on castor oil under pressure. The principal 
fatty acid in castor oil is ricinoleic acid (VI). This is converted into 
sebacic acid (VIII) and secondary octyl alcohol (VII) in the treat¬ 
ment. 


OH 

I H H 

CH3(CH2)6C—CHa—C=C(CH2)7C00H 

H 

VI 


NaOH 
- > 


OH 

CH3(CH2)5—C—CHs + H00C(CH2)8C00H 

H 


VII 


vin 


Other dibasic acids, as tartaric, citric, succinic, aconitic. and itaconic, 
have been used for preparing polyester resins, but they have not been 
used commercially to any great extent. 

Maleic anhydride adds to unsaturated hydrocarbons to form dibasic 
acids, and resin acids to form tribasic acids. These are polybasic 
acids, used in the manufacture of polyesters. Diels and Alder have 

shown that conjugated dienes and maleic anhydride react to form tetra- 
hydrophthalic anhydride derivatives. 

Many of the CioHig monocyclic terpene hydrocarbons react with 
maleic anhydride, particularly above 150° C, even though they are not 
conjugated dienes, to form the adduct (IX). 


CHa 



CHa CHa 





lA 

In such cases thii hydrocarbon probably rearranges to the conjugated 
orm before combining with maleic anhydride. Dicyclopentadiene 
which occurs m coal-tar oils, can be readily depolymerizeTto cyclo- 
pentadiene (X); the latter condenses with maleic anhydride to form 

polyester '“r 
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The resin acids in rosin react with maleic anhydride on heating even 
though the double bonds are not conjugated. l-Pimaric acid (XII) 
reacts readily with maleic anhydride at ordinary temperatures whereas 
abiedc acid (XIII) reacts only on heating at temperatures above 150° 
C. The adduct (XIV) is the same in both cases. The tribasic add 
anhydride is used for polyester resins in varnishes. 



Monobasic Acids 

Since glycerol is largely used with dibasic adds, a monobasic add 
is required to prevent gel formation if the esterification is carried 
toward completion. For this purpose fatty acids are usually employ^. 
In most cases a drying or non-drying oil is hydrolyzed and the adds 
distilled wnthout separation of the component adds. Thus the fatty 
acids from timg, linseed, soya, cottonseed, com, and other drying or 
semi-dtying oils are often used in formation of polyester resins. 

Ricinoleic add (VI), the acid of castor oil, may be dehydrated to 
form diunsaturated adds. These fatty adds, used for polyester manu¬ 
facture. have been shown to contain both the conju^ted 9-11 (XV) 
and 9-12 (XVI) unsaturated Cu acids, the latter being present in the 


larger amount. 


H H H H 

CH3(CH2)5C=C—C=C(CH2)7C00H 

XV • 


H H H H H 

CH3(CH2)4C=C—C—C=C(CH2)7C00H 

H 

XVI 

A recently developed process makes possible con^rsion of isokted 
double bonds to the conjugated dienes. Fatty acids of this type rom 
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linseed and soya oil acids are now available. Sometimes it has been 
found possible to separate the saturated from unsaturated fatty acids 
by fractional distillation or crystallization at low temperature. Such 
methods are principally used on fish oils, which contain an appreciable 
percentage of saturated acids, and also highly unsaturated acids. Since 
the fatty acids are principally used in the drying-type polyesters, acids 
with a high degree of unsaturation are preferred. 

The resin acids are also used as monobasic acids in some polyester 
resins. Rosin is the principal acid used for this purpose, and polymer¬ 
ized rosin has been produced commercially. Rosin contains about 90 per 
cent of C 20 H 30 O 2 resin acids, principally abietic acid (XIII), or acids 
which isomerize to abietic acid. Refined abietic acid is available com¬ 
mercially, but in most polyester manufacture rosin is used ( 6 ). 

Polymerized rosin has recently been offered commercially. It con¬ 
sists largely of rosin, with a content of dimerized resin acids, and is 
somewhat higher melting than rosin. 


Polyhydric Alcohols 

Several polyhydric alcohols are used in preparation of polyester res¬ 
ms. Of these, glycerol is the most important, both in amount produced 
and m the types of resins in which it is used. Glycols are next in im¬ 
portance, and tetra- and hexahydric alcohols are also available. 

Ethylene glycol (XVIII) is produced by the hydrolysis of chloro- 
hydrin, which is formed from chlorine and ethylene (XVII) In the 
hydrolysis, some diethylene glycol (XIX) is also formed. 

chlorohydrin, and 

th s can be polymerized to polyethylene oxides (XXI), which are gly- 
Mk ha«ng teminal hydroxy, groups. The polyethylene oxides of 
high molecular weight are water-soluble waxes. They have been used 

I^ilyeST,"^ "O* beeu used for 

H H H 

HOC—C—OH -h HO—C 


H 
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H2C=CH2 

XVII 


HOCI H H 

-> HOC—C 

H H 




Cl 


H H 

XVIII 
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C—OH 
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\ H 

HO 
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H 

CH 



EUiylene glycol, di-, tri-, tetra-, and nonaethylene glycol are available 
mmera^ly and are used in preparation of polyesters. 

no. ''J' of SlTcerol but is 
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Givcerol is principally obtained as a by-product of soap manufacture. 
The tats and oils used are glycerides, and the glycerol remains in water 
solution when the soaps are salted out. This solution is concentrated 
by evaporation, and the glycerol is {mrihed by distillation. 

The price and availability of glycert*! fluctuates widely, and s>'nthctic 
methods for its production have been extensively studied. Perhaps the 
most promising method of synthesis starts with the high-temt)eraturc 
chlorination of propylene (XXII) to allyl chloride (XXIII), which is 
treated with chlorine and hydrolyzed to form glycerol (XXI\ ). Glyc¬ 
erol of high quality can be produced by this method. 

H 

H H H ci, H H H HC—OH 

HC—C=C —> CIC—C=C — ! 

H H H H HC-OH 

j 

HC—OH 
H 

XXII xxm XXIV 


Pentaerythritol (XX\') is produced by condensation of acetaldehyde 
with formaldehyde in aqueous solution in the presence of alkalies, usu- 

ally limewater. CH^OH 

CH20+CH3CH0 -- HOH2C-C-0H2OH 

CH2OH 

XXV 


Several polyesters have been made from pentaerythritol. but the com¬ 
mercial resins are principally from monobasic resin acids. 

Mannitol and sorbitol (XXM) are produced by electrolytic reduc¬ 
tion of hexose sugars. They have been used for preparation of poly¬ 
ester resins, but their tendency to form ethers makes it difficult to utilize 
all the hydroxyl groups present under usual conditions. 

CH 2 OH 

1 

HO—CH 


HC—OH 

i 

HO—CH 


CH 2 OH 
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Formation of Polyesters 

Esters are formed from alcohols and organic acids, and polymers 
are formed when polybasic acids and polyhydric alcohols react. The 
polymerization is a condensation reaction; water is evolved as the b}-- 
product. Polyesters, like other condensation polymers, are formed by 
a stepwise reaction, and the polymers increase in size as the esterifica¬ 
tion proceeds to completion by condensation with the starting materials 
or with other polymers. 

Phthalic anhydride reacts readily with glycerol at 200° C. The first 
carboxyl group is esterified in a very^ short time, and acid phthalate 
esters are formed (XXVII) and (XXVTII). 


0 

,AcC 

>0 + HOH 2 C—CHOHCH^OH 

c/ 




\ 


O 


o 




V 


C—OCH 2 CHOHCH 2 OH 


COOH 


XXVII 


O 


O 


+ 



COCH 2 CHOHCH 2 O—C 




COOH 


HOOC 


XXVIII 


Since equivalent amounts of the reactants consist of two moles of ^Wc- 
erol and three of phthalic anhydride, the first reaction product consists 

^VYVm quantities of the glyceryl acid phthalates 

0 VII) and (XXVIII). Further polymerization proceeds bv con¬ 
densation of these compounds. Since the degree of functionality is 

12 groups per 5 molecules = 2.4, gelation will occur before the esteri¬ 
fication IS complete (3). 

tar!!”'!!''' f 

tares, polyester resins have not been used as thermosetlini; resins The 
cure also is not so rapid as for phenolic or urea resins. 

odifying agents are added to prevent the formation of gels These 
usually are monobasic acids, fatty acids being principally employed for 
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this purpose. If glyceryl mono-oleate (XXIX) is condensed with 
phthalic anhydride, linear polymers (XXX) are formed, since the de¬ 
gree of functionality of both reactants is two. 



If in place of glyceryl oleate in the example, glyceiy'l linoleate. which 
has two double bonds in the fatty acid chain, were used, with phthalic 
anhydride, a linear polyester would also be formed (XXXI). This 
mav be abbreviated by designating glycerol as G, phthalic anhydride as 
P, and linoleic acid as L, 



XXXI 


The fatty-acid chains, however, will pohmierize on exposure to air 
in thin films or on baking, forming links between the fatty acid chains 
resulting in a cross-linked polyester (XXXII). Combination of linoleic 
acid chains is designated as L-L. Not all the fatty acids form such 
cross-links, but a sufficient number is formed that tlie film hardens and 

becomes much less soluble. 



XXXII 


When maleic anhydride adds to the abietic acid of rosin, a tnbasu 
acid ( XI\') is formed ; and. if this were condensed wnth glycerol, gela¬ 
tion would occur before esterification was complete. Since the degree 
of functionality of both components is three, only two-thirds of th< 
functional groups can condense without gel formation. In prepannj 

resins of this type, less than one equivalent amount of maleic ’ 

rnsin and the excess of abietic acid which does not add t( 
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maleic anhydride is a mono functional reactant and allows the esterifi¬ 
cation to be carried nearly to completion without formation of a gel. 

Most commercial polyesters are of comparatively low molecular 
weight. Carothers (2) has prepared polyesters of much higher mo¬ 
lecular weight by special methods. 


Manufacture of Polyesters 

Polyesters are usually formed by heating the dibasic acid anhydride 
with glycerol and a monobasic acid or with a glycol at temperatures of 
200° to 275° C, depending on the materials used. Acid catalysts are 
not usually employed since they may promote dehydration of glycerol 
or other polyhydric alcohols. Since the alcohols used may be some¬ 
what volatile, the temperature at the early stages of the reaction is 
kept reasonably low to prevent their volatilization with the water which 
is formed in the reaction. 

In many polyester reactions the temperature must be kept below 
225° C, since volatilization or hydrolysis of the reactants may result in 
a less highly polymerized polyester. 

In making polyesters from drying oils, it is possible to start with 
drying oil acids. In many cases, however, glycerol is added to the 
drpng oil (XXXIII) and heated in the presence of metal soaps to 
promote interchange. Thus the mono- (XXXIV) or diglyceride 
(XXXV) mixtures may be formed, which then are condensed with 
phthalic anhydride or other dibasic acids to form polyesters. 


O 



HC~ 0 —C—C17H31 + 


O 

H2C O-C-CHi 7 H 3 i 

XXXIII 


H2C—OH 

I 

HC—OH 

I 

H2C—OH 



O 


H 2 C-OC-Ci7H3i 

HC—OH 

I 

H 2 C—OH 




H2C—OC—CnHai 


O 



H2COH 
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In manufacture, the or melting point and acidin* of the 

resin are carefully controlled and tlie reaction continued until the de¬ 
sired properties are obtained (6). 



Fig, 1. Kettles for Manuiacture of Polyester Resins. 

In the la-e-cale manufacrare of polyester resins, dosed re^tion 
ken-e^ of -^ainless steel are used with direct heating or are heate^ 
ercu-atin- heated oils through the jacket. Polyester resms ^ 

^ade i. cVr or niCe. a^Io, vamiah .erde. wh ch 
over the hre. Uniform temperature control not al^^-a, 

\dth such equipment. 
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Some polyesters are viscous liquids and are dissolved in solvents as 
they are made. These solutions are much more readily handled than 
the solid resin. The hard polyester resins are usually poured and 
broken into lumps and packaged. 

Types and Properties 

Commercial polyester resins fall into three main types: plasticizing 
t 3 q)e, drying type, and hard resins. They differ somewhat in their 
chemical composition. 

The plasticizing resins are usually made from castor oil or other 
non-drying oils with glycerol and phthalic anhydride, or with sebacic 
acid esters. The drying-oil acids are used with phthalic anhydride and 
glycerol. The hard resins are usually formed from rosin, maleic an¬ 
hydride, and glycerol. Phthalic anhydride is used in place of maleic 
in some cases. Considerable variation is possible in resins of this tvpe, 
depending on the ratio of fatty acids to the dibasic acid. If the drying- 
oil content is high, the polyesters are low in viscosity and quite soluble; 
if the dibasic acid anhydride content is high, the resulting resins are 
much more viscous and require better solvents to hold them in solution. 

The usual ratio of oil to dibasic acid glyceride varies from 8-2 to 
4—6. The ratio of reactants, of course, does not entirely control the 
nature of the polyester since the resins become more viscous and less 
soluble as esterification is carried farther. 


Non-drying Polyesters 

These resins are also referred to as plasticizing polyester resins. 
They are usually supplied as 50-80 per cent solution in butyl acetate! 
toluene, or xylol. They are principally used as plasticizers for nitro- 
cellulose, and some may be used with alcohol-soluble urea resins. Spe¬ 
cial types may be used with cellulose acetate. 


With nitrocellulose, polyester resins are superior to the esters of low 
molecular weight since they possess film-forming properties of their 
own and do not have the tendency to separate from the film as do less 
VISCOUS materials. They improve the adhesion to metal and the stability 

mwiri “ «sed in adhesives, and sometimes 

nitrocellulose is used m minor amounts as a hardener. 

variei!Tr non-drying type are also used with a wide 

variety of resins as plasticizers. 


Drying-Type Polyesters 

Glycerol and a drying oil or drying-oil adds are the other raw materials. 
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A wide variety of resins are made, depending on the ratio of phthalic 
anhydride to dr)’ing oil and also the amount of glycerol or other poly- 
hydric alcohol used. The more unsaturated oils give the more rapid 
and harder di^-ing resins; on the other hand, the less unsaturated acids 
or oils, as sora, cottonseed, or dehydrated castor oil, give much better 
color on air-dr}ing or baking. For white enamels, it is often necessary' 
to sacrifice some of the dr}nng speed to better color. Some types of 
acids give esters which develop much more color on dr}*ing than others 
of somewhat the same iodine value, but in general the oils of high 
iodine value develop more color on dry ing. 

A wide variety of div-ing and senii-dr)*ing oils are used, including 
linseed, soya, tung, dehydrated castor, fish, cottonseed, sunflower. Tung 
oil or its acids have not been used extensively. 

Polyester resins are supplied principally in solution in mineral spirits, 
hydrogenated naphtha, or xylol, but some are available without solvents. 
The esters with high oil content are miscible with petroleum thinners, 
but the resins supplied in aromatic solvent, containing a higher content 
of phthalic anhydride, will not tolerate addition of any substantial 
amounts of petroleum solvents. The phthalic anhydride content may 
var>^ from less than 20 to more than 40 per cent, whereas the polyester 
content is somewhat higher, varying from about 25 to 55 per cent of 

the resin. 

The acid number of the solutions x^ty from 1.5 to 15, and on the 
diy- polvester from 2 to 25, equivalent to about 1 to 10 per cent free 
fatt>’ acid or up to about 3 per cent free acid as phthalic. In general, 
the resins of low acid value can be used with basic pigments, but the 

high-acid resins cannot be used with such pigments. 

The dr>nng-npe polyester resins sometimes do not produce suffi¬ 
ciently hard films. Use of phenol aldehyde resins and, in some cases, 
the maleic rosin resins improves the hardness of tlie polyester resins, 
but they must be soluble in the polyester resin and solvents. Even 
harder films may be obtained by incorporating urea formaldehyde or a 
melamine formaldehyde resin. These resins are soluble in butanol or 
higher alcohols and can be thinned with aromatic solvents. Part of 

the alcohol is combined chemically wfith the resin on baking. 

Not all polvester resins are compatible with urea or melamine resms, 
but those containing higher alcohols tend to be more widely misabl^ 
The urea or melamine resins pol>-merize on heating, and films must ^ 
baked at temperatures of 250° F or over to cure the resin fully. At 
higher temperatures a shorter time is required to effect the cure M 
more unsaturated acids are used, however, the baked films tend to be 
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more discolored. Non-drying alkyds are only slightly discolored, but 
more urea or melamine formaldehyde resin is required to harden them. 

The ratio of polyester resin to urea aldehyde depends on the amount 
of unsaturated fatty acids in the polyester. If fatty acids are present 
^\^th a high degree of unsaturation, less of the urea or melamine resin 
will be required for a given hardness. 

Some progress has been made in completing the polymerization at 
lower temperatures. A rather wide variety of materials has been sug¬ 
gested, most of which are fairly strong acids soluble in the vehicles, as 
the acid alkylphosphates, or materials which liberate strong acids on 
heating as amine salts of mineral acids. 

Polyesters are made using glycols as the polyhydric alcohol and modi¬ 
fied esters using non-drjing, semi-drying or resin acids as modifying 
agents. These resins are produced commercially in moderate amounts. 

Another type of polybasic acid from maleic anhydride has been pro¬ 
duced from the adduct of cyclopentadiene and maleic anhydride to give 
a tetrahydrophthalic anhydride derivative. 

This dibasic acid is offered commercially, as are modified polyesters 
from dr)ung-oil acids. The unsaturated group present is reactive and 
may polymerize to some extent as films dry. 

Maleic Rosin Resins 

Maleic anhydride combines with the resin acids present in gum and 

wood rosin to form a tribasic acid. Apparently all the resin acids in 

rosin will react but only l-pimaric acid will react with maleic anhydride 

at ordinary' temperatures. The other resin acids react on heating at 

150-200° C, and the adduct is the same as formed from l-pimaric acid, 

suggesting that the acids first isomerize to this form before reacting 
with maleic anhydride. 

In the manufacture of commercial resins less than a molecular equiv- 
dent of maleic anhydride is often used, the unchanged resin acids serv¬ 
ing to limit the size of the polymer formed on esterification with glyc¬ 
erol. It has been recommended to esterify the glycerol partially with 

maleic anhydride before adding rosin, and in this case maleic esters 
react with the resin acids. 

Maleic anhydride was added to glycerol and rosin in the manufacture 
of ester gum (rosin glyceride) to give higher melting resins before the 
reaction of maleic anhydride with resin acids was proved. Small per¬ 
centages of maleic anhydride added in this manner increase the melting 

point of the resin formed, and the hardness increases with the amount 
of maleic anhydride used. 
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Coi^imercial resins of this class var^' in hardness; the melting point 
bv the ball and ring method varies from 120 to 150° C. The specific 
gravity varies from 1.14 to 1.20. the higher melting resins being some¬ 
what more dense. The acid number \'aries from 15-40. the higher 
melting resins having the higher acid numbers. Resins of this t>-pe are 
light in color. The harder resins are slightly darker than the softer 
resins. The higher melting resins are less soluble and are more difficult 
to dissolve in drj'ing oils. These resins are soluble in hydrogenated 
petroleum naphtha, turpentine, aromatic hydrocarbons, and ethyl ace¬ 
tate. 

Maleic resins are largely used with drynng oils for paints and lacquers, 
particularlv where light colors are required. They are also used with 
nitrocellulose for their gloss and pale color. Since they are high melt¬ 
ing. thev can be used in quick-drying lacquers. 


Heteropolyrners 

Maleic polyesters will react under certain conditions with vinyl com¬ 
pounds to give polymers which have been termed heteropolymers (7). 
Polymers of this t\pe are both vinyl and condensation polymers. This 
typ^' of polymer has only recently been developed, and commeraal 

materials have not been offered. 

Maleic esters of dihydric alcohols are employed since they produce 
polvmers soluble in the vinyl compounds. It is essential that o^gen 
be excluded, or cross-linking will occur between the unsaturated bonds 

of the maleic ester, resulting in an insoluble material. 

The polvester is then dissolved in the vinyl compound, a peroxide 
catalyst added, and the mixture heated in a mold under pressure. It 

vin% 1 acetate or stvrene is used as the vinyl compound, the is 

opaque if over 50 per cent is present in the mixture, indicatii^ that m 

appreciable amount oi the vinyl acetate or styrene has polymertaed 

without combining with the maleic e>ter. 


POLYAMIDES 

Pohanndes are made in nmch the same manner 
evcept that d,amines are used in place of polyhydrtc alcohols, ^e 
allv famine, are not used, hence cross-ltnked polymers are no ■ 

The formation of polvmers on heating aminocaproic acid N%as r^g 
m/ed bv Gabriel and Maas in 1899. This reaction is comparable to 

torn,at,on of polyesters from hydroxy acids. 
formed from lower amino acids on heating, u po , 

from higher omega amino acids. 
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Carothers (2) in 1932 showed that the polymer from aminocaproic 
acid could be further polymerized by heating in the molecular still at 
200° C, and the resulting product was flexible and elastic. Investiga¬ 
tion of polyamides was continued by Carothers, and many polyamides 
were prepared. Of these one has been commercialized as a synthetic 
fiber which has many of the properties of silk and is in some respects 
superior. This polyamide is now of considerable strategic importance 
with imports of silk shut off and has made possible a replacement of 
silk in many of its applications. 


Raw Materials 

Aliphatic dibasic acids and diamines are the raw materials used for 
manufacture of polyamides. Preparation of dibasic acids has been 
discussed above, but adipic acid is the dibasic acid largely used com¬ 
mercially. Acids of the general formula HOOC(CH 2 )nCOOH may 
be used. 

Diamines may be prepared by several methods. Hexamethylenedi- 
amine (HI), the important material of this type, is produced from 
adipic acid (I) by heating the ammonium salt to form the diamide (II), 
which is reduced with hydrogen to form the diamine. 

H00C(CH2)4C00H 

^ y ' o o 

H4Nooc(ch2)4COonh 4 ^ H2Ni!:—( ch2)4(!:—nh2 H2N(ch2)5NH2 

n III 

Preparation of Polyamides 

The first step in the formation of the polyamide is the formation of 

the salt of the diamine and dibasic acid. This is formed in dilute alco- 

tiol solution and precipitates as it is formed. The salt is then heated 

in absence of air at temperatures of 150-250° C. Water is evolved as 
:he polyamide is formed. 


H2N(CH2)6NH2 + H00C(CH2)4C00H 
H2N(CH2)6NH300C(CH2)4C00H 

Salt 



o O'! 

H H II II 
N(CH2)6N-C(CH2)4C-J 

Polyamide 



It is often desirable to limit the extent of the reaction, as too highly 
loIjTOerized materials are hard to handle and have less strength. The 
addition of monoamines or monobasic acids in minor amounts will 
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limit the size of the poljTner formed. Also the addition of one of the 
components in more than equivalent amounts will reduce the extent of 
the reaction and therefore the size of the polymer formed. 

A molecular weight of 10,000 or over must be reached to give a 
polyamide which can be used for extrusion of fibers. 

Even at the temperature of formation the polyamides are quite vis¬ 
cous and pour with difficulty. In conunercial manufacture (1) the hot 
p)olymer is forced from the kettle onto a rotating cooled drum, and the 
cooled strips are broken into flakes. 

Properties of Polyamides 

The melting point of polyamides varies somewhat with the extent of 
polymerization, becoming higher as larger molecides are formed. The 
polyamides from short-chain acids or amines melt, in general, higher 
than from those containing longer segments. The table below shows 
the melting point of polyamides prepared from various diamines and 
dibasic acids. The acids used are oxalic, malonic, adipic, azelaic, and 
sebacic, which have 2, 3, 6, 9, and 10 carbon atoms in their chains, re¬ 
spectively. The carboxyl groups are at the ends of the chain in each 



Melting Point of Polyamides (5) 


Acid 

Methylene 
Groups in 
Diamine 

Melting 

Point, 

Oxalic 

10 

229 

Malonic 

5 

191 

Adipic 

4 

278 

Adipic j 

5 

223 

Adipic 

6 

263 

Azelaic 

4 

223 

1 

Azelaic 

5 ' 

178 

Sebacic 

2 

254 

Sebacic 

6 

209 

Sebadc 

8 

197 


Polj^araides are insoluble in most organic solvents, but are soluble in 
hot formic and acetic acid and phenols. They are not attacked by dilute 
adds or alkalies except on heating, and are hydrolyzed to the starh^ 
materials. If alkyl groups are introduced as side chains, t^ 
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Utilization of Polyamides 

Polyamides have recently been developed (4), and their possible uses 
are being studied. Their first use was in the manufacture of fibers and 
bristles. Polyamide bristles have been found to be superior to the 
natural product and to have a longer life. Fibers are formed by ex¬ 
truding the molten polyamides through a small orifice. 

The spinning operation requires special equipment since the flakes 
of polyamide arfe melted at a temperature of 285'' C under hydrogen. 
Specially designed pumps force the polyamide through filters and then 
to the spinerets to form the filaments, which harden rapidly on expo¬ 
sure to air. 

These filaments are not especially strong or elastic. The polyamide 
chains must be oriented to develop the strength required in many of 
its uses. This orientation is accomplished by cold-drawing the fila¬ 
ments to about four times their length when extruded. 

The X-ray diagram of stretched and unstretched polyamide fibers 

indicates the crystallinity achieved by stretching. The pattern of the 

unstretched fiber is amorphous, but on stretching a crystalline pattern 
is observed. 

After cold-drawing, polyamide fibers have greater strength than any 

other textile fiber and are elastic. The fibers have the appearance and 

luster of silk. The tensile strength of the polyamide is somewhat higher 

than silk and decreases in tensile strength only slightly when wet with 

water, whereas the natural fibers show a marked decrease. The fibers 

are elastic and can be stretched 20 per cent without breaking. At 4 per 

cent elongation a fiber will recover its original length in one minute 
whereas silk recovers only 50 per cent. 

Polyamide fibers are used in hosiery, replacing silk, and have many 

advantages over the natural product. Larger fibers have been used as 
nstles for toothbrushes and surgical sutures. 

The production oi polyamides has been greatly expanded since the 
first commeraal production in 1938. At the present time the prodnc- 

beiL'ISell. * 


1 . 


2 . 


3. 


review questions 

Describe briefly methods for preparing phthalic anhvdride, maleic an 
hydride, ethylene glycol, and hexamethylenediamine' 

inrcontXdf" o' polyester and polyamide re, 

State briefly methods for 


preparing drying-type polyester resins 
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4. State briefly methods of preparing and uses of maleic-rosin resins. 

5. What step is required to develop strength in polyamide fibers? 
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CHAPTER 6 

POLYVINYL ACETATE RESINS 

Polyvinyl acetate was not known at the beginning of this centur>% 
and its whole development has occurred in a space of a few years. Be¬ 
cause it has never achieved the commercial importance that some of its 
derivatives have, it occupies the somewhat unusual position of being a 
synthetic resin and at the same time the starting material for other 
resins. 

The solubility, clarity, and stability of polyvinyl acetate are desirable 
properties, but the inability to produce high polymers readily has un¬ 
doubtedly limited its use. 

History 

Vinyl acetate was first described in a German patent issued to Klatte 
in 1912. The method described is essentially that now used for the 
preparation of vinyl acetate from acetylene and acetic acid. At that 
time ethylidene diacetate which is formed from the same materials was 
of interest as a solvent, and in 1917 Klatte and Rollette described the 
conditions for polymerization of vinyl acetate and recommended the 
use of peroxides to accelerate the formation of the polymer. 

Since calcium carbide from which acetylene is formed is produced 
in the electric furnace, the manufacture of vinyl acetate is centered in 
localities where hydroelectric power is available. Commercial produc¬ 
tion of polyvinyl acetate began in Canada about 1920, and it is also pro¬ 
duced in the United States. 

Vinyl acetate is also offered as a raw material, in which case inhib¬ 
itors are added to the monomer to prevent polymerization in transit or 
in storage. 

Formation of Vinyl Acetate 

When acetylene is added to acetic acid in the presence of mercury 
salts, vinyl acetate is formed. The acetylene is generated by the addi¬ 
tion of water to calcium carbide. 
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Calcium carbide is produced by heating lime and coke in an dcctric 


O 

CaCa ^ HC^H + CH 3 COOH -> H 2 C==CHOC—CH 3 

il I 

furnace at high temperature. Since the acetic add used in the process 
is also produced from acetylene, vinyl acetate (I) is derived from 
acetylene alone. 

If acetylene (II) is passed into an aqueous solution of mercury salt, 
rather than the acetic acid solution, acetaldehyde is formed. Depend¬ 
ing on the catalvsts used and the conditions employed, acetaldehyde can 
be oxidized to acetic anhydride (III) or to acetic add. 

HC^H H 3 CCHO CH 3 C^ 

\o, CH3C^ 

CH 3 COOH 

The oxidation reactions are not so simple as illustrated here, as 
peroxides are first formed and acetic acid is possibly formed by hydra¬ 
tion of acetic anhydride. 

The reaction of acetylene with organic acids can be used to prepare 
a large variety of vinvl esters. Thus, if acetylene is passed through 
butyric acid containing mercury or other metalhc salts, vinyl butyrate 
is formed. The resin acids in rosin may be converted to vinyl esters 
bv passing acetylene through molten rosin at temperatures around 
200° C. Vinyl acetate, however, is the only vinyl ester produced in 

commercial quantities. 

ilercuric sulfate, mercuric phosphate, and mercuric acetate have been 
suggested as catalysts for the formation of vinyl acetate. Zinc and 
cadmium salt also catalyze the hydration of acetylene and the forma¬ 
tion of \nnyl acetate. Boron fluoride has been recommended for use 

with mercuiy salts as have ferric salts. 

One method of producing vinyl acetate consists in passing acetylme 

through the mixture of acetic acid and catalyst at about the boiling 
point of vinyl acetate, which distills as it is formed. The vhiyl acetate 
is condensed, and unused acetylene is returned to the reaction. 

\ molecule of acetic acid will combine with vinyl acetate ^ fojm 
ethylidene diacetate, and if the reaction is conducted above 70 C this 
is the chief product of the reaction. In the vapor phase, vmyl acetate 
is formed at about 200° C from acetylene in an excess of acetic aad. 
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Commercial vinyl acetate has a purity of over 99.5 per cent and 
contains not over 0.04 per cent acetaldehyde, and not over 0.5 per cent 
water. It boils at 71.8-73.0°. A copper salt is added to prevent poly¬ 
merization, and this may be removed by distillation. 

Polymerization of Vinyl Acetate 

Commercial vinyl acetate is carefully purified so that impurities which 
may act as inhibitors are removed. Copper, iron, and sulfur compounds 
are particularly active, and precautions must be taken to prevent con¬ 
tamination by contact with 4hem. Acetaldehyde is not effective in 
small amounts in retarding polymerization, but the amount of acetal¬ 
dehyde must be kept below 0.05 per cent or a noticeable effect on the 
polymerization will be observed. Polymerization will occur if as much 
as 0.5 per cent acetaldehyde is present, but the polymer will be low in 
molecular weight. 

Blaikie and Crozier (1) have reported a study of the effect of con¬ 
ditions on the polymerization of vinyl acetate. As a measure of the 
degree of polymerization, the viscosity in centipoises of a solution of 
86.04 (molecular weight of vinyl acetate) grams in a liter of solution 
in benzene at 20° C is used. These values give a relative measure of 
the polymer size, but the solution is more concentrated than is usually 
used for molecular-weight determination by the method of Staudinger. 

Higher temperatures of polymerization result in compounds of low 
molecular weight. With other conditions unchanged, it was found that 
raising the temperature from 70 to 80° C decreased the viscosity of the 
standard solution from 23 to 16.5 centipoises. If polymerization is 
carried out in solution, the polymer is smaller as the concentration of 
vinyl acetate is decreased. On decreasing the concentration of vinyl 
acetate in the solution from 60 to 50 per cent, the viscosity of the poly¬ 
vinyl acetate formed decreased from 18.4 to 8.8 centipoises. 

The amount of catalyst has a pronounced effect on the size of the 
polymer formed. Acetyl peroxide, prepared from acetic anhydride and 
sodium perborate, was used to study the effect of various amounts of 
a peroxide catalyst. On reducing the concentration of acetyl peroxide 
from 0.1 to 0.025 per cent, the viscosity of the polyvinyl acetate formed 
increased from 8.8 to 13.8 centipoises. Thus, smaller amounts of cata¬ 
lysts tend to promote formation of larger polymers. 

Samples were taken at various periods from a polymerization in so¬ 
lution, and it was found that the viscosity of the polymer was substan¬ 
tially the same whether 40 or 80 per cent of the vinyl acetate present 
had polymerized. On polymerizing vinyl acetate without solvents, the 
viscosity of the polymer formed increases as more vinyl acetate poly- 



merizes. and as the reaction proceeds an insoluble poh-mer is formed. 
This may result from cross-linking or may well be the result of chain 
branching, although this has not been established. 

The effect of temperature, concentration, amount of catalyst, and 
degree of polymerization at various stages of reaction sho%vn above are 
in agreement with what might be expected from a chain reaction. Con¬ 
ditions favorable to formation of long chains result in the formation 
of poKwinyl acetate of high viscosit}'. 

\Mien pol}'merization is carried out in solution, the choice of the 
solvent has a pronounced effect on the size of the pol}*mer formed. Of 
the solvents investigated, it is remarkable that toluene gave the lowest 
and benzene the highest viscosit}' since they are more closely related in 
structure to each other than to the other solvents studied. The vis¬ 
cosit}' of the solution of pol}^’inyl acetate of the pol}’mers formed at 
50 per cent concentration in the various solvents is: 

TABLE I (1) 

Effect of Solvent ox Polymer Size 


Soh'ent 

Viscosity 
of Pohmer 

Toluene 

2.9 

Acetone 

3.0 

Absolute alcohol 

5.6 

Acetic acid 

6.8 

Ethvl acetate 

8.2 

Benzene 

18.2 


Yinyl acetate can be readily emulsified in aqueous solutions of soaps 
or s^'nthetic emulsifying agents. In such emulsions, \’inyl acetate ma} 
be pol>-merized by Addition of peroxides and heating to jdeld emul¬ 
sions of polpanyi acetate which have been used as adhesives or for 

treatment of textiles. 

Cross-linked pohmiers with pol}winyl acetate have been formed from 
several diunsaturated materials. Dmnyl ether (IV) copolj-menzes 
readily with vinyl acetate, and. on heating a mixture contaimng about 
10 per cent of divinyl ether, an insoluble poh-mer is formed. 

H 



o 
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STRUCTURE OF POLYVISYL ACETATE 

Other materials containing two unsaturated groups, which are not 
conjugated, have been found to form insoluble copolxaners with vin\l 
acetate. Among the materials which have been found to yield insoluble 
cross-linked polymers are allyl crotonate (\'), glycol dicrotonate (Ml. 

and divinvl acetal (\ H). 

O 


H3CCH=CHC0CH2CH=CH2 


c—oc 
o 

c—oc 


H 3 C 


H 

-c 


H 

oc 

f 

H 

OC 


CH2 


CH 


H H 

■C=C 


H H 
C=C 


VI 


CH 3 


CH:i 


VII 


All these compounds can be combined in two polyvinyl acetate chains, 
resulting in the formation of insoluble polymers. Apparently polymers 
of this t}-pe have not achieved commercial importance. Although their 
insolubility' is a desirable feature, insoluble resins can be produced from 
less expensive raw materials. 


Structure of Polyvinyl Acetate 

To determine the structure of a linear vinyl polymer, it is necessarv 
to know the arrangement of the side groups along the chain and the 
polymer distribution, or the chain lengths of the various polvmers 
formed. Polyvinyl acetate does not form very large polvmers. Ap¬ 
parently the highest molecular weight obtained is 80.000, and this was 
produced under very' mild polymerizing conditions, which favor forma¬ 
tion of large polymers. The commercial resins are much lower in 
average molecular weight, the values falling between 5,000 and 20.000. 
The latter value corresponds to about 230 vinyl acetate segments in 
the average chain. There are chains longer and shorter than this in 
the mixture of polymers. 

The arrangement of the side groups along the chain has been estab¬ 
lished by examination of polyvinyl alcohol, which can be obtained by 
hydrolysis of polyvinyl acetate. This arrangement is determined by the 
way in which the vinyl groups combine during polymerization. Thus, 
if four molecules of vinyl acetate combine, they may combine either 
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If addition of monomeric unit> continue? to add either head to tail 
or head to head, the head-to-h.ead arrangement of acetate groups will 
Ix' uniform along the chain. If head-to-tail addition occurs, the side 

all 1.0 to each other, and it head-to-head thee are 1.^ aitd 

1.4 to each other. 

It seems possible that both head-to-tail and head-to-head addition 
migh.t occur but it has not been established that such “random (X) 
structure ever occurs in a vinyl pole nter. iMarvel and his students haee 
studied manv tvjies of vinyl polymers, but they have found no evidence 


f'tr rande'in arrangements. 

PL'lyvinvl alcohol, which is readih' obtained by hydrolysis of poly- 
vimi acetate, might have one of three structures, head-to-tail. head-to- 
hea-i. or random, depending on the structure of the polyvinyl acetate 

from which it was formed. 

X..W if the head-t..-head or random structure is present, hydroxw 
groups on adjacent carbon atoms will be present. Such 1.2-glycols are 
readilv oxidized bv periodic acid. Polyvinyl alcohol, however, does not 
re.luce -periodic acid (2i indicating the absence of 1.2-glycol groups. 
Recentlv the X-ray diffraction pattern (3) of polyvinyl alcohol has 
been examined, with results conhrming the 1.3 structure. Thus po y- 
merization of vinyl acetate proceeds head to tail, and the arrangement 

i.'f the pol>'mer is 
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It ha' been f. 'und that if a sample of polyvinyl acetate is h\drohzed 
,ui.l reacetvlated. the viscosity is reduced appreciably. It. however. 
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the hydrolysis and acetylation are repeated, there is no further decrease 
in viscosity. 

There are two explanations of this change, but neither has been en¬ 
tirely substantiated. The first is that a small amount of cross-linkage 
is destroyed in the first hydrolysis which is not reformed on acetyla¬ 
tion. An ether linkage between chains might behave in this manner. 
The second possible explanation is that a bond in the chain is destroyed 
in the first hydrolysis. It has been suggested that this bond may be 
formed by the peroxides which are used to catalyze the polymerization. 

Manufacture of Polyvinyl Acetate 

The polymerization is usually conducted (1) in steam-jacketed alu¬ 
minum kettles. Vinyl acetates of high purity, a solvent, usually ben¬ 
zene, although toluene is used where low polymers are desired, and a 
peroxide catalyst are added. The mixture is stirred well through the 
pol)Tnerization. The temperature is raised to about 72® C. W'hen the 
mixture boils, the vapors are condensed and returned to the kettle. 
After 5 hours at a gentle boil, the temperature has risen to about 76® C. 
The batch is run to a still, and the solvent and unchanged vinyl acetate 
are removed by steam distillation. The last of the solvent and vinyl 
acetate are removed by raising the temperature in the still to about 
150® C and continuing the steaming. 

The resin as quite viscous but can be blown from the kettle. It is 
then extruded into rods and sliced. Since the flakes of polyvinyl ace¬ 
tate flow readily, there is a tendency to form a solid cake. Thus the 
resin is usually sold in small packages, which should be stored in a 
cool place if possible. 

Polyvinyl acetate can be secured in a variety of types of varying 
degrees of polymerization. The viscosity number described above is 
used to designate the commercial resins, which may be obtained in the 

2.5“, 7-, 15-, 25-, and 60-centipoise viscosity types. The 2.5- and 15- 
centipoise varieties are supplied in solution in acetone. 

Properties and Uses of Polyvinyl Acetate 

Polyvinyl acetate has a specific gravity of 1.191 at 20® C and an 
index of refraction of 1.4665. These values increase slightly in the 
more highly polymerized materials. Its tensile strength is about 5.000 
pounds per square inch. 

Polyvinyl acetate absorbs a small percentage of water on prolonged 
immersion and becomes milky. This “blush” disappears on drying. 
The resin is resistant to dilute salt and acid and alkaline solutions: but 
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strong alkalies and acids hydrolyze the resin, particularly at higher 
temperatures. 

High temperatures result in decrease in viscosity the breakdown be¬ 
coming much more rapid above 150" C. Pohwinyl acetate is colorless, 
odorless, and non-toxic. It exhibits good stability' to light, heat, and 
aging, and remains clear on prolonged exposure. It softens readily on 
the application of heat, the low viscosity resins softening somewhat 
more readily than the higher viscosity resins. On heating to high tem¬ 
peratures. pol>winyl acetate decomposes with the evolution of acetic 
acid. Many vin_\'l polymers break down to give the monomer on heat¬ 
ing. but vinyl acetate cannot be recovered by heating pohwinyl acetate. 
At temperatures above 130“ C. pohwinyl acetate depolymerizes to a de¬ 
gree and this breakdown is greater as the temperature is increased. At 
135“ C, on mixing rolls, a sample of 44 viscosity- dropped to 35-centi- 
poise viscosity during 6 hours of heating. 

Polvvinvl acetate is readilv soluble in a varietv of solvents, including 

• - • 

tlie lower alcohols, ketones, esters, aromatic and chlorinated hydrocar¬ 
bons. It is not soluble in ethers, higher alcohols and aliphatic hydro¬ 
carbons. The viscosity, however, is much lower in some solvents. The 
{''creenta^e solids necessarv to produce a solution of 2.5-poise viscosity 
varies considerably, and it will be seen that acetone gives solutions of 
I.iwer viscositv at the same resin concentration than toluene or but\-l 
acetate. The viscosities of various grades of pol\'^^nyl acetate are 
adven in Table II. 

" TABLE II (4) 

Per Cent Solids of 2.5-Poise Solution 


Viscosity Type 

Acetone 

Toluene 

Butyl Acetate 

1 

67 

55 

55 

■> s 

54 

45 

43 

1 

1 

40 

52 

’ 30 

! 22 

15 

50 

24 


Polyvinv! acetate is available in several viscosity types, 
ducer designates the various types by numbers, indicating the 
Mf a -landard solution in benzene while the others use letters, 
-iiow- the approximate viscosity of some of these commercial 


One pro- 

viscosit}' 

Fieure 1 

materials 


ill toliK-ne s-'luti<*ns. 

The thiuohr.c-- p«.-lyvinyl acetate 
the polvmer increases. T. he al^ra^ion 


increases as the chain length of 
test of hlms of three types of 
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polyvinyl acetate shows this increase. The milligrams of silicon car¬ 
bide required to remove one-thousandth of an inch of the film is the 
index of the toughness of the material. 



% Solids 
Fic. 1. 


TABLE III (4) 

Abrasion Resistance of Polyvinyl Acetate Films 
Viscosity Type—cps Mg. Silicon carbide 


2.5 

7 

15 


82 

110 

216 


Because of its low softening point, its ready solubility and rela- 
vely low strength, polyvinyl acetate has not been wide^ used for 

it“sr s ” T """ 

of I ^ adhesives where its good adhesion to a wide variety 
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POLYVINYL ALCOHOL 

As we have seen, pohwinyl acetate can readily be hydrolyzed to 
pol}winyl alcohol. This hydrolysis can be carried out either with acid 
or alkaline catalysts. Herman and Haehnel, in 1927, described both 
methods of preparation. The product prepared by alkaline hydrolysis 
is yellow or brown in color, whereas nearly colorless products are pre¬ 
pared on acid hydrolysis. 

It is not possible to prepare pohwinyl alcohol by direct poljTnerization 
since ^'inyl alcohol does not exist. Any attempt to prepare Hnyl alcohol 
invariably leads to the formation of acetaldehyde. When acid hvdrol- 
vsis is carried out in alcoholic solution, ethyl acetate is formed as a 
bv-product. In the hydrolysis the extent of the reaction is carefully 
controlled as the properties of the poh-^nnyl alcohol and of resins made 
from it vary considerably with the extent of hydrolysis. 

In some cases only a small fraction of the acetate groups is removed. 
Such products are still soluble in organic solvents. They are used prin¬ 
cipally as adhesives and possess better adhesion than polj-vnnyl acetate. 
Such partially hydrolyzed \'inyl acetates are not water soluble, but they 
are more affected by water than the unhydrolyzed resin. 

Several commercial grades of polj-vinyl alcohol are produced, de¬ 
pending on the viscosity of the acetate from which they are produced 
and the extent of the hydrolysis. ^Vhen the acetate groups are largely 
removed, the resulting poh'S’inyl alcohol is readily soluble in water. 
This material is remarkable in its inertness to a wde range of organic 
solvents. In this respect it is superior to any other tj-pe of plastic 

material. 

Properties and Uses of Pol3rvinyl Alcohol 

Polyvinyl alcohol is usually supplied as a white powder. Its spe^c 
gravity at 20° C is 1.293. It is stable at temperatures below 140° C, 
but above this temperature a slight darkening occurs which becomes 

deeper as the temperature is raised. 

The commercial grades var\* in viscosit}'. The \4scosity in 4 per cent 

aqueous solution is 5 centipoises for the low-^dscosity type, 20 cenh- 
poises for medium, and 50 centipoises for the high. One type of poly- 
vinyl alcohol is more soluble in cold water than in hot; other types 
require hot (80= C) water to bring them into solution. 

The water solubility of pohwinyl alcohol can be reduced by a variety 
of treatments, including aldehydes, chromium compounds, dibasic aads, 

and copper-ammonium salts. 
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Polyvinyl alcohol can be used in solution as a surface coating on 
paper or on metals. It can be used in connection with other water- 
dispersible materials as starch, dextrine, or latex. It may also be used 
as an adhesive and is not susceptible to attack by bacteria. 

Polyvinyl alcohol may be molded if properly plasticized, and rubber- 
like products with high resistance to most organic solvents may be 
produced. Tubing of extruded pol}winyl alcohol is highly flexible and 
has been used in the automobile and aviation industry. Plasticizers for 
polyvinyl alcohol include the glycols, glycerol, the lower amides, and 

urea. Water is also eflFective as a plasticizer, but its high volatility is 
undesirable. 


Acetals of Polyvinyl Alcohol 

The acetals of polyvinyl alcohol were first produced in Canada, but 
they are now also produced by three companies in the United States. 
Commercial production in this country began about 1937. The largest 
use of these resins has been as the plastic layer in safety glass, but 
other uses are being developed. 

Polyvinyl alcohol condenses readily with aldehydes to give acetals in 
the presence of acid catalysts. It might be expected that the acetal 
would serve to form cross-links connecting the polyvinyl alcohol chains, 
but this does not seem to occur to any great extent since the acetals 
are fusible and soluble. The 1,3 spacing of hydroxy groups is favor¬ 
able to the formation of the cyclic acetals. 

The solubility and fusibility are dependent on the aldehyde used 
formaldehyde giving harder and less soluble acetals whereas butyral- 
dehyde and higher aldehydes give much softer and more soluble prod¬ 
ucts. This effect of increasing the size of side groups in a chain is 
often noted. 


It IS also possible to vary the properties of the acetal resin by choice 
o the vinyl acetate used as a starting material. More highly poly- 
menzed vinyl acetate will result in a more viscous acetal. The prop- 
erties may also be varied by the extent of hydrolysis of the polyvinyl 
CO o . e acetate groups may be entirely removed or a certain frac- 
lon of them may be left in the polyvinyl alcohol. Another variation 

Ivl r rr w in the poly- 

yl alcohol may be entirely used up in the acetal formation, or a 

ce^n percentage may be left free, depending on the conditions. 

Thus from vinyl acetate and several aldehydes a wide varietv of 

resins are possible, differing only slightly from each other Of the 

n-n. forms possible, a few have been adopted as eommercTa; maVeri^s 
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Production of Polyvinyl Alcohol Acetal 

Polyvinyl alcohol (^1) is often the staning point for acetal resins 
(ID. In some cases it has been sugsrested to effect the hvdrolvsis and 
acetal fonnation in one step. Thus an alcoholic acid or hydrochloric 
acid and formaldehyde or other aldehydes will give the acetal of poly- 
vinvl alcohol. 


HHHHHHHH 
—c—C—C—C—C—C—C—C— - RCHO 
H H H H 

OH OH OH OH 


I 


HHHHHHHH 
C—C—C—C—C—C—C—C— 
H H H H 



II 


It is often advisable to conduct the hydrolysis of polyvinyl acetate 
under controlled conditions to insure the desired degree of hydrolysis. 
This niav be accomplished by redtixing an alcoholic solution of poly- 
vinvl acetate containing a strong mineral acid. Ethyl acetate is also 
fonned in the reaction and is recovered. The pohwinyl alcohol is then 
converted to the acetal hv heating in alcoholic solution with an alde- 
hvde and an acid catalyst (.e.g.. zinc chloride). The resin is washed 
free of catalvst and the solvent removed. 


Properties and Uses of Polyvinyl Acetal Resins 

The viscositv of the acetal resins increases with the viscosity- of the 
polyvinvl acetate from wh.ich they are prepared, the acetal re^in^ being 
usuallv more viscous than the polyvinyl acetate from which they are 
made. Table I\' illustrates this point. 

TABLE IV Ti 
Viscosm' OF Acet.\l Resins 
S<?lids Content at 2.5-Poi5e \ iscosity 


.\ldehvde 


F orm.ildehyde 
.^cetaldehyae 


X'iscositv Extent o! 
PA'. .\ce- ^ Acetal Re¬ 
late 1 action. 


.Acetone 


Toluene 


^ ^ 

0 


45 

1 

1 

"I ; 

05 

i 

1 

V • 1 

1 

1 

1 

-> > 

70 

35 

25 

t 

4.0 : 

SO 

20 

21 

1 

7.0 

70 


17 

1 s 

70 

10 

12 


I 


Ethylene 

Dichloride 


:o 
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The more viscous resins are more resistant to abrasion. Table V 
shows the comparison of formal and acetal resins and shows that the 
formaldehyde derivatives are more abrasion resistant. 

TABLE V (4) 

Abrasion Resistance op Acetal Resins 


Aldehyde Used 

Viscosity of 
Polyvinyl Acetate 

Extent of 

Acetal Reaction 

Formaldehyde 

2.5 

95 

Formaldehyde 

4.0 

95 

Acetaldehyde 

2.5 

70 

Acetaldehyde 

4.0 

80 


Abrasion Resistance, 
Gram Silicon Carbide 
per Mil of Film 


320 

590 

210 

490 


The resins from formaldehyde are soluble in a limited number of 

solvents, dioxane and ethylene dichloride being the best solvents. The 

butyral resins are soluble in the lower alcohols, ether alcohols, and 
dioxane. 

Polyvinyl formal has been used as an insulating coating for magnet 

wire Such coatings have the useful property of self-healing, since any 

cracks in the coating fuse on warming. They have been found su- 
perior to enamels previously used. 

CeUulose nitrate was first used as the middle layer between two 
sheets of glass for windshields and windows in automobiles. Because 
o pronounced darkening of the layer on prolonged exposure to sun¬ 
light, It was replaced by ceUulose acetate. This, because of its brit- 
tieness at low temperatures, has been in turn replaced by polyvinyl 

Plastiazed with a suitable material, has exceptional 
sfrength over the temperatures encountered in service. Many other 

butyral is the 

most sabsfactory plastic for safety glass yet developed. It is now 
^duced by three manufacturers in the United States. Polyvinyl bu- 

. ‘"‘'b. The unplasticized resin haf a 

h? 130-140° C and is soluble in the lower alco- 

Pbthalates and triethylene glycol hexoate are useful plal^ 
tiazers. the latter material being particularly useful with this resin 


128 


POLYriXYL ACETATE RESIXS 


Polyvinyl Ethers and Ketones 

If acetylene is passed into an alcohol containinsr a catalvst. an ether 
of vinvl alcohol is formed. 

H 

/ 

HC=CH + ROH ^ H ,C=C 

\ 

OR 

Such ethers polymerize readily on heating:, and the addition of or¬ 
ganic peroxides accelerates the polymerization. Polyvinyl ethers have 
not been made in commercial quantities in this country hut have been 
produced abroad. They possess better resistance to water than the 
polyvinyl esters. They are colorless and are stable to light and aging. 

Acetone and formaldehvde, when condensed in alkaline solution and 
acidified, yield methyl vinyl ketone (III) on distillation. 

O OH O O 

!! H U ' 

H3CCCH3 + CH2O ^ HC—C—C—CH3 — H2C=C—C—CH3 

H H 

HI 

Methvl vinvl ketone polymerizes readily in the presence of peroxides 
to clear resins of low molecular weight. They have not been produced 
in commercial quantities in this country. 

If methvl ethyl ketone is used in place of acetone in the above reac¬ 
tion. methyl isopropenyl ketone is formed. This polymerizes readily 
and forms copolymers with styrene or methyl methacr^date. 

A studv of the dehydration products of polymethyl vinyl ketone has 
shown that the polymerization proceeds head to tail. 


REVIEW QUESTIONS 

1. Starting with calcium carbide, describe steps in the formation of poly¬ 
vinyl acetate. Write equations. 

2 Give at least one proof of the structure of polyvinyl acetate. 

3. State brietiy uses for and method of preparing pohwinyl alcohol. 

4. State briefly methods for forming polyvinyl butyral. 

5. What eflfect has the aldehyde employed on the properties of a poly¬ 
vinyl acetal? 

REFERENCES 


1 . Blaikie, K. G.. and R. X. Crozier, Ind. Eng. Chcm.. 28, 

2. Mar\-el. C. S.. and C E. Den-ch>n. Jr-. /• Chcm. :>oc., 60, 104j (1938R 

3 Moonev K. C. L.. /. .dm. Chcm. Soc.. 63, 2828 (.194n. 

4. Shaw, T. P. G., Official Digest. Federation of Paint and Varnish Clubs. 193/. 



CHAPTER 7 


POLYVINYL CHLORIDE AND POLYVINYLIDENE 

CHLORIDE RESINS 

Over a centur}' ago Regnault first prepared polyvinyl chloride by 
photopolymerization. No particular use was found at that time for 
the white insoluble powder formed in this manner. Ostromislensky, in 
1912, fractionated the polymerization products and found that soluble 
and insoluble polymers were formed. The commercial development of 
polyvinyl chloride resins began about 1930, when methods for plasti¬ 
cizing them were developed. It was also found at that time that vinyl 
acetate or acrylic esters could be copolymerized to give resins which 
were more soluble than polyvinyl chloride resins. The vinyl acetate 
copolymer was produced commercially in the United States about 1932. 
and the production has greatly increased since that time. Because of 
their rubber-like properties and non-flammability, vinyl chloride resins 
are at present largely used in war materials, particularly for flameproof 
cable coverings. The production in 1942 may exceed 40 million pounds. 

Preparation of Vinyl Chloride 

Several methods are available for producing vinyl chloride (HI). 

the usual one being removal of hydrochloric acid by alkalies from 

ethylene dichloride (II), which is obtained by the chlorination of 
ethylene (I). 

CI 2 H H H H 

H2C=CH2 CIC—C—Cl C=C 

H H H Cl 

I 11 III 

It IS also possible to produce vinyl chloride by adding hydrogen 
chloride to acetylene. At elevated temperatures in the presence of a 
catalyst, vinyl chloride is formed. 

H H 

HC=CH + HCl ^ C=C 

H Cl 

III 

Vinyl chloride may also be produced by treating calcium carbide with 
hydrochloric acid in the presence of a catalyst. Vinyl chloride boils at 



— 12.:''' and is a gas at ordinan- temperatures. The method of prepar¬ 
ing vinyl acetate has been described in the preceding chapter. 

Polymerization of Vinyl Chloride 

\ inyl chloride is usually polymerized in the liquid phase, using per¬ 
oxide catalysts. Temperatures of 3? to 120'' C have been recommended 
for the polymerization. Polymerization may also be conducted in solu¬ 
tion or in emulsion form. Polymerization must be carried out under 
pressure because of the volatilin* of vinvl chloride. 

Polymerization of gaseous vinyl chloride is caused bv exposure to 
light, but it is slow. Under pressure, vinyl chloride can be readilv 
liquehed, and in the liquid state it polymerizes rapidly, parricularlv in 
the presence of organic peroxides, such as benzoyl peroxide. 

\ inyl chloride is apparently unique among vinyl pol}Tners in that the 
polymer is insoluble in the monomer and precipitates as it is formed. It 
has been suggested that a high degree of branching in the pol_\’mer is 
the cause of this insolubilin'. 

Some investigators say that the polymers first formed are as large as 
those formed later in the reaction: others say that polymers are less 
soluble as the polymerization nears completion. 

\'in_\‘l bromide polymerizes more readily than vinyl chloride, whereas 
A'inyl iodide polymerizes even more readily. Acid catalysts do not cause 
formation of small polymers from vinyl bromide, but they may be pre¬ 
pared in solution. \'inyl fluoride pohmerizes with great ditficulty. 

Copolymers of Vinyl Chloride 

Since polvvinvl chloride is plasticized with difficuln'. and since it is 
not readily soluble in organic solvents, copolymers have been made 
which are much more readily soluble. It might seem simpler to mix a 
soft soluble polvmer with polyvinyl chloride, as pol}wiiiyl acetate, but 
polvvinvl chloride does not blend with this resin. If. however, vinyl 
chloride and vinvl acetate are mixed and the mixture polptierized. co- 
polvmers are formed under proper conditions. 

Marv-el i5') has shown that the polymer formed does not necessarily 
have the same composition as the mixture of monomers from which it 
is fomied. \'inyl chloride polymerizes more rapidly than vinyl acetate, 
and the pohmier first formed is richer in vinyl chloride than the mi.x- 
ture from which it is fonned. Marvel found that when a mixture of 
vinvl chloride and vinyl acetate containing 12.5 per cent by weight 
chlorine is polimerized. the polymer formed at 45 per cent reaction 
contains 17.2 per cent chlorine. As the polymerization nears comple¬ 
tion. the polvmer more nearly approaches the composition of the start- 



COPOLYMERS OF VINYL CHLORIDE 


131 


ing mixture, and when polymerization is complete the chlorine content 
is the same. This means, however, that the polymers formed as the 
reactions nears completion have a lower vinyl chloride content and the 
polymers are not homogeneous. 

When a higher content of vinyl chloride is used, the polymer is much 
closer to the composition of the starting mixture (Table I). 

Commercial resins are high in vinyl chloride content, usually contain 
over 80 per cent vinyl chloride, and hence are more homogeneous. 
Fractionation of these resins (2) and determination of the vinyl chlo¬ 
ride content of the fractions have indicated a nearly constant content. 
These resins, therefore, have a constant ratio of vinyl chloride to ace¬ 
tate in their chains. 

table I (5) 


CoPOLYilERIZATION OF ViNYL CHLORIDE .\ND VlJCVL AcET.A.TE 


% Chlorine in 
Starting Mixture 


12.5 

12.5 

12.5 

12.5 

30.2 

30.2 

30.2 

47.7 


% Reaction 


45 

65 

78 

95 

3 

26 

80 

53 



Mol. Weight 


22,000 

38,000 

27,000 

31,000 

7.600 
8.100 

8.600 


The copolymer at 85 per cent vinyl chloride by weight would contain 
approximately nine vinyl chloride segments for each vinyl acetate seg¬ 
ment, and the polymer might be designated as 



OAc J 


It IS remarkable that one acetate group in each ten segments in the 

Cham can so greatly change solubility of the resin, and part of the dif- 

erence is attributable to lower molecular weight of the poh mers when 
vinyl acetate is present. ' 

copolymer resins have molecular 
cules are highly branched, this value may be Lewhat lower ITL 
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actual molecular weielit. since viscosity methods are believed to be de- 
pendent on the lengrh of the longest chain and independent of the 
number or length of side chains. 


Polymer Distribution 

A vin\l chloride resin may be separated into fractions by dissolving 
in a good solvent and precipitating the less soluble fractions by the 
addition of a non-solvent. It has been shown that the separation is 
cleaner tlie more dilute the solution of resin. By using dilute solutions 
in acetone of a vinyl chloride acetate polymer, it has been found that 
much better separation was obtained with a 1 per cent solution than 
with a 10 per cent solution. Table II shows the amount of the various 
fractions when the acetone solution was treated with successive por¬ 
tions of a 50-50 acetone-water mixture. 


TABLE II 


Fr_\ction.\tiox of Polya'ixyl Chloride Acetate Polymer (2) 

Per Cent Precipitated 
Molecular Weight 


Resin 1^20.000 12-16.000 S-12.000 


4-8.000 Below 4.000 


10.0 

0 

57 1 

25 

4 

\ 

1 

15 

s; ■>> 

0 

46 i 

29 

1 

1 

18 

2.70 

1.64 

0 

35 

28 ! 

31 

30 

* 

1 

1 

4 

1 

24 

23 

1.1 

6 

26 

23 


21 


§ 

10 

14 

24 


It will be noted that at higher resin concentration the intennediate 
fractions are large, whereas in more dilute solution a wider distribution 

is obtained. 

The di^tribution of polymers is frequently plotted, and Integra 
diiterential curves may bt drawn. Figures 1 and 2 show the Integra 
and weight distribution curves from the separation at 1.10 per cent 

concentration in Table II. _ . 

The dotted lines show a smooth cur^-e drawn trom the stepwise plot 

of the data >hown in solid lines. An examination ot the Pyj' 

ertie. of the fractions shows that the tractions which ^re ess solubk 

and have higher molecular weight have much better tensile strength. 

impact ^tren^th. and modulus of elasticin- than the soluble fraction.. 
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The heat distortion point and water absorption do not vary greatly in 
the fractions. 

Fractional precipitation of such a resin is a useful index of the extent 
to which copolymers are formed. If the vinyl chloride content of the 
various fractions is substantially the same, a copolymer is indicated. 
If copolymerization does not occur, the two types of polymers can be 



separated by fractional precipitation. In this case the vinyl chloride 

content of the fractions is substantially the same, indicating a co- 
polymer. 

On heating above 100° C, a small amount of hydrogen chloride may 
be evolved. This evolution is accelerated by metal salts, particularly 



those of .me and iron. The decomposition can be reduced bv adding 

amL"’ r ^ ^ of organic 

amines and organometallic compounds has been suggested to staMize 

vmyl Chloride resins. Prolonged exposure to lighf may cause some 

h- T'^i improved by the addition of compounds 

which absorb ultraviolet light. compounds 
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The copolymer resins are increasingly soluble with higher content of 
vinyl acetate. For use in solution, the resins containing 15-20 per cent 
vinyl acetate are usually used. Ketones are the best solvents, acetone, 
hexone, phorone, and isophorone being frequently employed. Nitro- 
paraffins are also good solvents for copoh-mer resins. Chlorinated hy¬ 
drocarbons and dioxane are also solvents. Aromatic hydrocarbons may 
be used to dilute solutions in ketones or nitroparaffins. • 


Structure of Polyvinyl Chloride Resins 

Destructive distillation has been used to study the structure of some 
vinyl resins, but pol>-vinyl chloride resins do not give the monomer and 
low polymers on dry distillation. Hydrogen chloride is the principal 

decomposition product. 

:ilar\-el and his students have studied the amount of chlorine re¬ 
moved from po^winyl chloride by metaUic zinc. If the chlorine atoms 
are on adjacent carbon atoms, it would be expected that the chlorine 
would be entirely removed. If, however, polj’vinyl chloride is arranged 
head to tail, most of the halogen will be removed, but a part will be 
found which has been isolated and has no adjacent halogen atoms. 
This is not removed by zinc. Probability studies indicate that 87 per 
cent of the chlorine should be removed, and experimental results ap¬ 
proach tliis value, indicating the head-to-tail arrangement. Studies of 
the ultraviolet absorption spectra of 1,2 and 1,3 dichloroparaffins show 
that the spectra of the 1.3 dichloro compounds much more closely re¬ 
semble the ultrariolet absorption of polyvinyl chloride. This confirms 

the head-to-tail arrangement of poh-vinyl chloride (4). _ 

The relative insolubility of poljwinyl chloride resins is rather re¬ 
markable if they are entirely linear polymers. It has been suggeste 
that the rather poor solubility is due to branching of chains. Thus a 
chain mav be assumed to be attached to several branches of vanous 


l^ch branches if sufficiently long would be comparable to cross-links 
between polvmer chains and might be expected to give insoliffile resins. 
The number' and size of the branches in the chains have not b^en estab¬ 
lished. and the existence of branched chains in vinyl polymerization 

has not been rigorously established. 


Plasticized Vinyl Chloride Resins , ., ■ 
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have been largely used as plasticizers. Phthalate esters of higher alco¬ 
hols are also used and are preferred to butyl phthalate in some cases 
because they are less volatile. Tricresyl phosphate and other ar}'l phos¬ 
phates are less flammable than esters of organic acids and are ofter 
used where a high degree of flame resistance is desired. 

Studies of the vapor pressure and volatility of plasticizers in poly¬ 
vinyl chloride compoimds show that the vapor pressure of the plasti¬ 
cizer is not reduced to a measurable extent by incorporation in the 
resin. 

Because of the fairly high molecular weight of the resin, little de¬ 
crease in vapor pressure would be expected, but plasticizers are appar¬ 
ently very loosely held. 

On addition of a plasticizer, the extensibility is increased, but the 
tensile strength is decreased by the first addition and further additions 
also result in reduced strength. The following table shows the eflFect of 
various amounts of tricresyl phosphate on the extensibility of plasti¬ 
cized pol)rvinyl chloride. 

TABLE III 

Properties of Plasticized Polyvinyl Chloride 



Properties. Plasticized polyvinyl chloride is soft and flexible. It 
has a high degree of resistance to water, acids, alkalies, and a wide 
variety of organic solvents. On exposure to mineral oils it is not 
softened but may in some cases become harder because of extraction 
of the plasticizer. It is thermoplastic, softening with increasing tem¬ 
perature. When plasticized with chlorinated compounds or phosphate 
esters, it is non-flammable. 

Unplasticized polyvinyl chloride has a specific gravity of 1 406 and 
refractive index at 20° C of 1.544. It is insoluble in most solvents, 
but can be dissolved in dioxane, ethylene dichloride, chlorobenzene, and 
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The copolymer resins are somewhat lower in density and refractive 
ndex, depending on the vinyl acetate content. A copolymer containing 
)5 per cent vinyl chloride has a specific gravity of 1.35 and refractive 
ndex of 1.53. 

Copolymer resins approach polyvinyl chloride in resistance to water, 
icids, alkalies, and solvents. The higher the vinyl acetate content the 
nore soluble they become, and the more easily plasticized. The same 
jlasticizers may be used, but in general a smaller amount will be re- 
juired than with polyvinyl chloride for somewhat the same physical 

properties. 

Application of Polyvinyl Chloride Resins 

Because of the different types of copolymer resins possible, they have 
found wide fields of application (1). The copolymer resins of high 
chloride content have much the same uses as polyvinyl chloride resins. 

For surface coatings, a copolymer with about 13-15 per cent vinyl 
acetate content is used. Where high solids are desired, a lower polymer 
may be used. Stabilizers are used and pigments may be incorporated, 
usually by milling with the resin before solution. In many cases baking 
is necessarv to remove all the solvent and to improve adhesion to metal 
surfaces. Small amounts of residual solvent often greatly decrease the 
resistance of a film to attack. Ketones are the best solvents, and nitro- 
paraffins have been recently shown to have good solvent power. Aro¬ 
matic hydrocarbons may be used as thinners. 

For molding, a copolymer containing 85-87 per cent vinyl chloride is 

used, but is somewhat higher in molecular weight than the resin used 
for application from solution. Because of the tendency of the resins 
to evolve hydrogen chloride, the exposed parts of the heater of the in¬ 
jection machine should be chromium-plated. The heating cylinder 
should be streamlined to eliminate hold up of resin. No plasticizer is 
used with this resin, and it flow's readily at moderate temperatures. 
Phonograph records are made from it. A somewhat similar resin is 
used for coating paper. In this application a plasticizer and pigments 
are used. The plasticized and filled resin is calendered on paper in a 

film about 0.002 inch thick. 

For transparent sheets, a resin of about 90 per cent vinyl chlonde 
content is used with a molecular weight of 15-16,000. The resins are 
plasticized with triethylene glycol hexoate, phosphate, phthalate, or 
sebacate esters. These sheets are transparent, elastic, and flexible. 
They have been used for watch straps, belts, and novelties. 
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If a lower content of plasticizer is used, the sheets are less flexible 
and not readily extensible. These sheets may be pigmented and have 
been used in book binding, radio dials, and advertising novelties. 

Copolymer resins having 90 per cent vinyl chloride content are used 
in the manufacture of fibers for textiles. A resin having a molecular 
weight of 16-19,000 is used for staple fiber and has been used in cotton, 
wool, and glass felts. The resin fibers soften on heating and bind the 
other fibers, increasing their strength. A copolymer resin of 20-23,000 
molecular weight may be extruded in solution through spinerets. Vola¬ 
tile solvents are used which are readily removed. These filaments may 
then be spun into yarn. This yarn develops much greater strength 
when stretched at 65° C. The yarn does hot shrink after this treatment 
unless it is heated above 65° C. 

A copolymer containing 95 per cent vinyl chloride, and with a molec¬ 
ular weight of 20-22,000, when plasticized with suitable plasticizers, 
has found wide use as coating for wire. With phosphate plasticizers, 
the covering is non-flammable. Electrical properties and chemical re¬ 
sistance are superior to those of rubber. 

Polyvinyl chloride may be plasticized with phosphate, phthalate, or 
sebacate esters. For many uses plasticizers with low volatility are 
required, and esters of higher alcohols are employed. Polyvinyl chlo¬ 
ride resins may be pigmented and filled. Stabilizers are required if 
they are worked at elevated temperatures. The resin, plasticizer, sta¬ 
bilizer, pigments, and fillers may be readily blended on heated mixing 
rolls. The mixture may then be calendered into sheets, extruded into 
rods or tubing, or molded into special shapes. Polyvinyl chloride resins 
have been widely used in cable and wire covering. 


POLYVINYLIDENE CHLORIDE 

Although unsymmetrical dichloroethylene, vinylidene chloride, was 
first prepared by Regnault over a century ago, it was found only re¬ 
cently that It would polymerize. Commercial production of the polymer 
has been achieved within the last five years. Vinylidene chloride poly¬ 
mers are difficult to fabricate, and commercial resins are usually co¬ 
polymers with other vinyl derivatives. Since the copolymer resins have 
been produced recently, their fields of application are not entirely estab¬ 
lished ; but they have been used with success in filaments, tubing and 
pipes, molded parts, and fabrics for upholstery. 

Raw Materials. Vinylidene chloride (I) is prepared from ethylene 
y first chlorinating to form trichloroethane (II), which on treatment 
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with alkalies, as calcium hvdroxide. forms dichloroethvlene bv removal 

•• ^ ^ 

of hvdrogen chloride. 

cu Cl Cl H Cl 
HoC=CHo HC—CH C=C 

H Cl H Cl 

II I 

The 'vmmetrical dichloroethvlene is also formed and must be sepa- 
rated since it does not polymerize readily, nor does it form large poly¬ 
mers. The unsvmmetrical dichloroethylene, vin^'lidene chloride ( 1), 

w 

polymerizes readily as do many of the unsymmetrical disubstituted 
vinvl derivatives. 


Polymerization of Vinylidene Chloride 

\'invlidene chloride is a heavy volatile liquid which poh-merizes read¬ 
ily on exposure to light or in the presence of peroxide catalysts. Ozone, 
tetraeth\’l lead, copper oxide, mchel carbonyl, and aluminum chloride 
have also been used to promote polymerization of vinylidene chloride. 
Polvmerization is usually conducted at 30-60= C. and must usually be 
run under pressure because of the low boiling point of vinylidene chlo- 


ride. 

Since po]\'vinvlidene chloride is plasticized ^\'^th difficult} , copoKiners 
are often formed which can be handled more readily. The copolymer 
with viiw 1 chloride is produced commercially, and copolymers with allyl. 
chloroall’yl. and methallyl alcohol esters, with acrylic acid esters, and 

with luitadiene have been prepared. 

It has been found that the copolymers are not entirely homogeneous. 

If ei ’l'ity part' of vinvlidene chloride are mixed with twenty parts of 
2-chlk..aHvl chluroacetate. H,C=CC1—CH.OCOCH.Cl, the copoly¬ 
mer f.mmJd at -K)= will contain only 10-12 per cent of the chloroallyl 
ester segments. Since vinylidene chloride polymerizes more rapidly, it 
lend:' leave some of the second component unpoh-merized. 

y, ,i,..lvmers with vinylidene chloride have also been prepared from 
allvl e'ter- ..f dibasic acids, as diallyl maleate (.HI), diallyl tumarate 

(l\'i, and diallyl phthalate (\'). 


O 

H 

C—C—OCH_—CH=CH2 

C—C—T)CH2—CH=CH2 
H % 

o 


III 
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o 

II 

O HC—C—0CH2CH=CH2 
H2C=CH—CHa—O—C—CH 

IV 

^C00CH2CH=CH2 

^C00CH2CH=CH2 

V 

Since the allyl groups in these compounds can be present in two chains, 
cross-linking occurs with the formation of insoluble polymers. These 
cross-linked copolymers are fusible and can be molded, suggesting a 
rather low degree of cross-linking. 

Treatment of polyvinylidene chloride with zinc removes nearly half 
the chlorine present, but hydriodic acid and phosphorus remove the 
chlorine to form long-chain hydrocarbons. Aniline removes chlorine to 
form a polyimino compound (VI). 



VI 


The arrangement of the segments is head to tail, as in the case of 
many other vinyl polymers. The X-ray pattern of polyvinylidene chlo¬ 
ride indicates that the pairs of chlorine atoms are arranged 1-3 along 
the chain (VII) and that they are on alternate sides of the chain. 


H 

C Cl Cl 



/H\|/ 

C 


H 

C Cl Cl 

I / 

C C 


H/l\ \ /|\ 

C Cl Cl C Cl Cl 



H H H H 

VII 


Polyvinylidene chloride polymers are very difficultly soluble. Only a 
few solvents are available, and frequently the polymer is soluble only 
m the hot solvent. This lack of solubility suggests a branched polymer 
but such a structure has not been established. Commercial resins have 
an average molecular weight of approximately 20,0(X) or a degree 
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(a) Amorphous. 



(6) Crystalline. 



(c) Oriented Crystalline. 


Doze Chemical Co. 


Fig. 3. X-ray Diffraction Diagrams 
of PoU'A'inylidene Chloride. 


of polymerization of approximately 
200. When heated above 130® C 
polyvinylidene chloride and its co- 
pohTOers decompose with the evolu¬ 
tion of hydrogen chloride. 

Properties of Polyvinylidene 

Chloride Copolymers 

Commercial cop>olymers of p>oly- 
vinylidene chloride soften from 
120—140® C. The specific gravity 
is 1.70, owing to the high chlorine 
content. They are not affected by 
water, strong mineral acids, or most 
organic solvents, and they are non¬ 
flammable, 

% 

Copol\Tners crystallize readily and 
have a considerably higher tensile 
strength in the cr>’stalline state (3). 
This state is achieved by stretch¬ 
ing the copolymer to about four 
times its original length at tempera¬ 
tures below its melting point. Some 
degree of crystallinity is achieved 
bv cooling a molten sample slowly; 
rapid cooling will result in an 
amorphous material of low strength. 
Stretching or working poljvinyl- 
idene chloride copolymers below 
their melting point orients the crys¬ 
talline structure. The X-ray dif¬ 
fraction pattern of amorphous ma¬ 
terial is quite different from that of 
crystalline material (Figure 3). 
An oriented crystalline pattern, how¬ 
ever. is developed on working or 
stretching the copolymers. This 
diagram indicates an arrangement 
in which segments are arranged 
head to tail, with the two chlorine 
atoms alternately on opposite sides 

of the chain. 
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Cnstallization occurs rapidly at high temperatures, but if a molten 
sample of polyvinylidene chloride copol)mier is rapidly cooled to low 
temperatures it may be held in the amorphous state for days. At 30° 
crystallization occurs in 20 minutes; at 60°, only one minute is required. 
The density of a copolymer has been found to increase from 1.66 to 
1.69 on crystallization. 

The unoriented copolymer has low tensile strength, low impact 
strength, and is not flexible. On orienting the crystalline form by 
stretching a sample to four times its original length, the tensile strength 
is increased four- to sixfold, and the impact strength and flexibility 
are greatly increased. 


Application of Pol3rvinylidene Chloride 

Polyvinylidene chloride copolymers are offered in several different 

forms. Uses for these materials are now being developed, and foils, 

tapes, fibers, and molding powders are being introduced in several 
fields. 


Since polyvinylidene chloride tends to liberate hydrogen chloride 
when heated above 130° and since iron and copjier catalyze this thermal 
decomposition, spedal equipment must be used where it is heated in 
extrusion or injection molding. Magnesium and special nickel alloys 
are satisfactory for such use. 

\^'hen molded in injection machines, it softens abruptly on heating. 
On forming in cool molds, the plastic may be soft but will gradually 
harden as crystallization takes place. If the molds are somewhat warm, 
the piece may harden rapidly, since crystallization occurs more readily 
at the higher temperature. Other thermoplastic materials must be 
cooled in the mold to achieve their full hardness. The ability to elim¬ 
inate the cooling in the mold for polyvinylidene chloride resins results 
in a shorter molding cycle in some cases. 


Applications where the resistance of molded polyvinylidene chloride 
copolymers is essential are spray gun handles, acid dippers, moldings 
for the rayon industiy% and molded valve seats. 


Extruded tubing may be produced and the powdered resin may be 

fed directly into a screw machine without the necessity of milling This 

tubing is transparent and when first extruded has little strength. 

Warming induces crystallization, and tensile strengths up to 12000 

pounds per square inch can be achieved. This tubing can be repeatwlly 

flexed and is resistant to a wide variety of materials. Rods, tape, and 
strips may also be extruded. 

Recently polyvinylidene chloride copolymers have been used as* pipe 
and tubing for domestic and industrial use. Pipes can be welded bv 
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the application of heat. Transparent tubing has been produced in 
smaller sizes which is readily flexible. Because of the resistance of 
such pipe to mineral acids and alkalies and to most organic solvents, it 
is particularly useful where such materials may be encountered. 

Fibers may be formed, and to develop full strength the fiber must 
be stretched to about four times its original length at somewhat ele- 



Dou Chemical Co» 


Fig. 4. Acid-Resistant Pipe and Tubing of Pohwinylidene Chloride. 

vated temp>eratures, or may be warmed after stretching. Tensile 
strengths up to 60.000 pounds per square inch may be developed in 
this wav. Such fibers have been made into filter fabrics, special ropes, 
wearing apparel, and upholstert’. These materials have a high resist¬ 
ance to water and fungus gro^^’ths, and the fabrics have shown excel¬ 
lent wear under severe conditions. 

REVIEW QUESTIONS 

1. Outline methods for preparing vinyl chloride and vinylidene chloride. 

2. State briefly advantages of copol>-mer vinyl resins over pohwinyl 

chloride. 
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3. List briefly typical applications of [)olyvin\l chloride anrl [>olyvin\l 
chloride acetate resins. 

4. How can the formatioTi of a copolymer he proxefH 

5. Explain briefly the advanta.i^es obtained from orientinct loiiLt-cliain 
molecules. 
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CHAPTER 8 


ACRYLATE AND METHACRYLATE RESINS 

Acn.*late and methaci^date resins are made by poh'merizing’ lower 
esters of acrA'lic and methacr}*lic acid. These resins, outstanding for 
their clarity, have often been used where a transparent, tough plastic is 
required. 

Redtenbacher first prepared acndic acid in 1843 by the oxidation of 
acrolein. The pol}Tner was first described by Linneman. who found 
that poh'acrA’lic acid when treated with water gave a rubber^- material. 
Frankland and Duppa first prepared the ethyl ester of methacn.'lic add 
in 1865, 

Rohm, in 1901, began his study of acr}lic acid esters and continued 
his work until acr\'late resins were made commercially. The first pat¬ 
ent to Rohm on acrvlate resins, issued in 1912, described the \'ulcani- 
zation with sulfur. In 1915, a patent was issued for the use of acr}*late 
resins in lacquers (2). Acr}-late and methacr}'late resins were first pro¬ 
duced in the United States in 1931, and are now produced by two con¬ 
cerns. Production has been greatly expanded, and sheets of methacr^'- 
late resin are now largely used in militar\' planes for transparent noses 
and blisters. 

Raw Materials 

The first commercial method for preparation of acr}-lic esters was 
bv bromination of allvl alcohol ( I), oxidation to dibromopropionic acid 
(II). and removal of bromine with zinc dust to form acr>*lic acid (III) 
which was then esterified. 

H Br Br Br Br Zn ^ ^ 

H«C=C—CH«OH HC—C—CH 2 OH — HC—C—COOH — C=C—COOH 

H H H H H 

I II III 

The yields by this method were poor, and the esters corresponding!) 
expensive. Chlorohydrin was produced in large quantities for the man 
ufacture of mustard gas in the first orld W ar and was found to b< 
a more satisfactory- raw material for acrylic esters. This method wa; 
perfected in 1927 by Bauer, yvorking in Rohm's laboratory’. 
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Chlorohydrin (IV) is condensed with sodium cyanide to form hydra- 
ciylic nitrile (V), which is then refluxed in an alcoholic solution of 
sulfuric acid to form the ester (VI), 

H 

HO—CH2CH2CI + NaCN -* HOCH2—CH2CN -I- ROH H2C=C—COOR 

IV V VI 

In this last step, hydrolysis of the nitrile, dehydration of the alcohol 
group, and esterification take place. The ester is washed and purified 
by distillation. 

The higher esters may be prepared by ester interchange, refluxing 
the lower esters with the higher alcohol and distilling off the lower 
alcohol as it is formed. 

Methacrylic esters are prepared from acetone by a somewhat similar 

series of reactions. Acetone and hydrogen cyanide add to form the 

cyanohydrin (VII) which is heated with an alcohol and strong sulfuric 

acid for several hours. As with the acrylic esters, dehydration and 

esterification occur in this step, resulting in the ester of methacrylic 
acid (VIII). 



Other methods have been suggested for preparation of methacrylic 
esters, among them the reaction of phosgene (IX) and propylene (X) 
to form ^-chloroisobutyryl chloride (XI), which by removal of hydro¬ 
gen chloride and esterification yields esters of methacrylic acid (XII). 


CH3eH=CH2 


IX 


H CH 2 CI 

HsC^— 

XI 


CHs 

H2C=C—COOR 


XII 


This method has apparently not been adopted commercially 
cause of the simultaneous formation of the i8-chlorobutyryl 


Preparation of Polyacrylates 

We have seen earUer that the presence of alkyl groups retards the 

polymerization of vinyl compounds. This is true in the case of acrylic 

istCTs, which polymerize more readily than the corresponding metha- 
-lylic esters. 

, usual catalysts for vinyl polymerization are effective, as light 
leat. ^roxides, and acid catalysts. Carefully purified methyl meth- 
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aci^late will not poKTnerize to any appreciable extent below 100° C if 
light and oxygen are absent. The presence of one-hundredth of an 
atmosphere of oxygen definitely catalyzes the reaction. At 170° the 
p>ol\TTierization of pure methyl methacrylate occurs in the absence of 

light or oxygen. 

TABLE I (4) 


POLYACRYLIC ACID FRACTIONS 



Viscositv 




Titratable 

Aciditv 


Average 

Polv. 


Average 
Mol. \Vt 


K X 10 


92.15 

12-13 

900 

19 

91.7 

17 



94.1 

17 

1.200 

22.3 

94.5 

18 

1.300 

24 

96.2 

26 

1.900 

23 

97.4-0.6 

40 

2.900 

2/ 

98. 

50 

3,600 

t 

28 

\ 

1 


1.72 

1.5 

2.7 

3.13 

4.45 

7.96 

10.3 


Polvaci^ lic acid may be prepared by hydrolysis of polyacr>-late esters 
or of 'polvaci^-lonitrile. Acry lic acid may be prepared by removing y- 
drogen chloride from yS-chloropropionic acid. Acrylic acid pol>-nierize^ 
readilv and forms ver>- hard polymers. Copolymers ot acrylic acid ^^^th 
acry lic esters containing over 30 per cent acr>-lic acid cannot be ground 

in an aerate mortar. . __ , 

Apparently one carboxyl group is present in Ween 

does not titrate w.th alkalies in the cold. Thus the difference ^trs^n 

the expected acidity of polyacrylic acid and the " " 

measure of the end group, in this case the lactone fXIII), and hence 

the degree of polxmierization. 


H 

H 


H 

C- 

COOH 


H 

C 

H 


H 

C 


H H 

C—C 

H 


H H 
C—C 
H 


COOH 


COOH 



O 


XIII 


f r r-'M nf low dem-ee of polvmerization was fractionated by 

Polvacr\-hc acid ot lo\% oegrcc oi results 

^rTlIlX i'n^ T^bt T'^ThTconT^tK has been calculated from the 
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molecular weight, which is estimated from the acid determination. The 
last column shows the constant in the equation 

ifep/c = X-M.W. 

and it will be noted the value increases with increasing molecular 
weight. 

The methacrylate esters polymerize in the presence of peroxide cat¬ 
alysts. Table II shows the effect of varying amounts of benzoyl perox- 


TABLE II (5) 


Effect of Temperature and Catalyst in 50% MeOH 


% 

Catalyst 


0 

0.1 


0.5 

» 

1.0 


Temp., 

®C 

! 

1 

Induction 

Hours 

95% Polymer¬ 
ization, Hours 

Induction 

Period 

95% 

Induction 

95% 

Induction 

Period 

95% 

65 

50 

70 

4 

» 

10 

1 

4 

0.5 

2.5 

SO 

0.6 

3 

0.2 

1 

0.1 

B 

0.1 

0.3 


ide at 65 and 80®. This sample was not entirely free of peroxides and 
polymerized slowly without added catalyst. It will be noted that the 
induction period and the time to polymerize 95 per cent of the material 
decreased markedly with increase in catalyst concentration and with 


temperature. 

This change in rate also greatly affects the size of the polymer 
formed. Table III shows the variation of molecular weight with in¬ 
creasing temperature and conceritration of catalyst. It will be seen that 
the conditions which gave the most rapid polymerization also led to 

the smallest pol 3 rmers. This is almost invariably true in polymeriza¬ 
tion of vinyl compounds. 

At low concentrations of the monomer, however, the pol)rmer is much 
sn^er. Table IV shows the size of the polymer formed at 65 and 
70® C in ethanol and methanol at low concentrations of monomer. The 
Wgher molecular weight in 50 per cent methanol is noticeable and is 
possibly due to the low solubility of the polymer in this solvent. 

The solvent has a pronounced effect on the rate of polymerization 
and also on the size of the polymer formed. It will be noted that SO 
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TABLE III (5) 

'OLYMERIZATIOK OF MeTHYL MeTHACRYLATE EfFECT OF CATALYST CON'CENTRATION 

AND Temperature 


Molecular Weight in Thousands 


Temperature, 

"C 

1 

1 

Sc Benzoyl Peroxide 

1 

0 

0.1 

0.5 

1.0 

1 

65 

166 

' 1 

140 

130 

112 

80 

112 

106 

78 

72 

100 

no 

94 

74 

1 

54 


TABLE IV (5) 

COKCENTRATION AM) DEGREE OF POLYMERIZATION 


Temperature, 

“C 


in 50^c MeOH 


0 


65 


% 

Monomer 

Induction, 

Hours 

Molecular Wt., 
in Thousands 

5 

45 

100 

10 

21 

140 

20 

18 

168 


in 95 rc EtOH 

20 

170 

75 

30 

140 

77 

50 

96 

90 


per cent aqueous methanol yields a much higher pol)-mer than Ae other 
solvent in Table Fiftj- per cent methanol is a solvent for Ae mono¬ 
mer, but the pol>-mer is insoluble. Such solvents often result in large 

^Tre^Hvmerization in 50 per cent methanol proceeded more ra^dly 

m^izlln leads to lower polymers applies only when the reactions are 
conducted in the same solvent. 
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TABLE V (S) 

Polymerization- of Methyl Methacrylate in Solution 


Soh’ent 


Dioxane 

Butyl acetate 

Eth\*lene dichloride 

Ethyl acetate 

Acetone 

Ethanol 

50^ methanol 


Molecular Weight, 
in Thousands 


35 

41 

54 

58 

75 

75 

166 


Acr\late and methacrylate esters may be polymerized in emulsion 

lorm. The monomer is emulsified with a soap or' synthetic emuisitym.y 

agent and peroxides, and in some cases solvents are added. On lieing 

warmed, the polymer is formed and remains dispersed. The resin ma\- 

be precipitated by alcohol, salt, and acids or bv evaporation of the 
water. 

Properties of Acrylate and Methacrylate Resins 

The polymethacrylate esters are harder than the corresponding polv- 
acrylate esters. The esters of primary normal alcoholN become -softer 
as the chain length is increased. Thus polymethvl methacrylate is the 
hardest of the series, and polymethyl acrylate is tough and can be 
stretched 100 per cent. Polyethyl acrylate is softer and more flexible 
and polj butyl acrylate is characterized as a sticky resin. Pohoctyl 
acra-late and polylauryl acrylate are almost liquid. 'Polymethyl acrvla'te 
IS about as hard as polyamyi methacrylate. 

The isomeric alcohols form esters, the polymers of which differ 
sreatl} and the alcohol with the longest chain forms the softest irolv- 

bTtvl fXVf '’■' - -'“Lv. ..ntl poleis-o- 

r nT a " secondary ht.tvl acr't late 

U \ I) IS still harder, and poly tertiary butyl acrylate (X\'II) almost 

brittle and comparable in hardness to the methyl ester. 

.Alonomeric acrylic or methacrylic esters of the various aliphatic 
cohols may be blended and copolymers formed from the mixture 
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The side groups serve to keep the long chains of the poljnner apart, 
and the longer chains result in greater spacing and a softer matenal. 
Plasticizers apparently have the same effect, but the side groups are 
integral parts of the resin, which is advantageous in many cases. 

The effect of long side groups is the -same in the pol\Tnethacr>’late 
esters. Polj-methacrjlate esters of many aliphatic alcohols have been 
prepared and their softening temperatures measured. 

TABLE VI 


P0LYMETHACRYL.\TE EsTERS 


Polymethacrjlate Softening Temperature 


Methyl 

Ethyl 

«-Propyl 

Isopropyl 

n-Butyl 

Isobutyl 

5«^-Butyl 

tert-Amyl 

Phenvl 


125“ C 
65 
38 
95 
33 
70 
62 
76 
120 


Cyclic derivatives, as the phenyl ester, are much harder than the 

corresponding straight-chain esters. 

Pro^rties of the poljmiethacrjlate esters from the 
are shmvn in Table ML The hardness of these esters has been is- 
cussed above, and it will be noted that the other properties vary cons.d- 
embk Mth the different resins. The resin from the isobu^d ester^ d- 
though it is nearly as hard as that from the methyl ester, is somewha 
inferior in toughness, impact, and tensile strength. 
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Density 25® C 
Hardness (Pfund) at 25® C 
Thermal yield point, ®C 
Tensile strength, Ib/sq in. 
Impact strength (Dynstat), 
Kg-cm/cra* 

Refractive index 
Extensibility, 5 mil films (% 
at break) 

Toughness 


Methyl 

Ethyl 

Normal 

Propyl 

Normal 

Butyl 

1.19 

1.11 

1.06 

1.05 

220 

141 

100 

1 

125 

65 

38 

30 

9,000 

5,000 

4,000 

1,000 

10.5 

7.1 

6.5 

11.5 

1.490 

1.485 

1.484 

1.483 

1 

4 

7 

5 

230 

98 

174 

76 

1000 


Isobutyl 


1.02 

210 

70 

3,400 

1.6 

1.477 

2 

23 


The viscosity of methacrylate ester poI)Tners in toluene is shown in 

Figure 1. It will be noted that polymethyl methacrylate is the most 

viscotK polyisobutyl methacrylate the least viscous of the polymers. 

This indicates a rather lower molecular weight for the higher alcohol 

ester pol)miers. Conditions for the polymerization of these esters were 

not specified, but it is quite likely that the higher esters form somewhat 

lower polymers under the same conditions of polymerization. 

The acrylate resins are soluble in aromatic hydrocarbons, chlorinated 

ydrocarbons, and esters. The viscosity varies greatly in different 

solvents. Table VIII shows the viscosity of polymethyl methacrylate 
m vanous solvents. ^ 

TABLE VIII (6) 

Viscosity of 15% Polymethyl Methacrylate Solution 


Solvent 


Viscosity 25® C 


Toluene 

Ethylene dichloride 
Acetone 
Dioxane 
Ethyl acetate 
Butyl acetate 


3.8 poises 
9.0 
20.0 
22.0 
40.0 
>150.0 


solutions since a mixture of 

per cent methanol and 78 per cent toluol eives mnrh _ 
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ties. A 20 per cent solution in toluene has a ^^scosity of 41 poises, 
whereas in an 80-20 toluene methanol mixture the viscosity is 6,5 
poises. The lower alcohols have the same effect when used with tolu¬ 
ene at about the same ratio, but the viscosity lowering is most pro¬ 
nounced with methanol. A somewhat similar lowering of viscosity is 



found in the case of other methacrjlate resins in toluene-alcohol solu- 
tions. 

The polymers of esters of higher alcohols are soluble in a wider range 
of solvents, and paraffin hydrocarbons may be used as solvents for poh- 

butyl and polyisobutyl methacrylate. 

A wide variety of plasticizers may be used with methacrjdate and 

acrylate resins. Ester-tvpe plasticizers are compatible with most aciy- 

late resins, and the resins from higher esters are compatible vnth a 

somewhat wider range of materials. In many cases, however, it is 

preferable to use a softer resin than to resort to the plasticizers. 

pol>Tners offer opportunit)- for a wide range of plasticit}*. 
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Structure of Acrylate ^lymers. Early in his study of acrylate 
polymers, Rohm showed that a methyleneglutaric acid (XVIII) was 
formed by the action of sodium ethylate on methyl acrylate. 


H 

HC 


H 

C 

H 





OH 


XVIII 


OH 


This same ester of glutaric acid is found in the destructive distillation 
products of polymethyl acrylate. The formation of this ester points 
to a head-to-tail arrangement of the polymer. More recently, Marvel 
has studied the arrangement of acrylate and methacrylate resins and 
finds that they are head-to-tail polymers. The a-haloacrylate polymers 
are, however, head to head since zinc dust removes the halogen almost 
completely and the polymers liberate iodine from potassium iodide. 
This indicates a 1,2 arrangement of the halogen atoms (1). 

Copolsrmers. Since acrylate resins do not have the surface hardness 

and scratch resistance of glass, several methods have been suggested to 

overcome this deficiency. Recently copolymers with acryUc acid, which 

alone gives a very hard but water-soluble polymer, have been suggested. 

Allyl acrylate (XIX) has also been copolymerized with methyl acrylate 

and forms cross-finked molecules since the allyl group can enter a 
second chain (XX). 

^ 2 C==CH—CH 2 —O—C0CH=CH2 + H 2 C=CH —* 


H H 



H 



OCH 


XIX 

H 

-C- 

H 


H 

C 



O 


HCH 


H H 

-C—C 

H 


H H 


H 

C 

H 


H H H H 


CCXlCHa 


C—OCH 3 
O 

o OCH 3 

C—OCH 3 c==o 
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Although polymethyl methacrylate is not compatible with the other 
)olymethacr}-lates and the polyaciydate resins are not compatible with 
he polymethacr)date resins, copohmiers may be formed which are 
iomo?eneous. Thus an acr\date and methaciydate ester may be mixed 

o ^ 

md poh-merized to give a clear resin. The physical properties usually 
'all between the properties of the polymers of the two starting mate- 
dais. MethaciA-late esters of two alcohols may be copolymerized to 
jive resins with properties which cannot be obtained from a single 
TiethacrA-late ester. Thus by choice of starting materials and variation 
of degree of pohTnerization. a great number of copobuners can be 
formed with widely different properties. 


Manufacture and Uses of Acrylate Resins 

j^(;i-\'late resins are offered in several different forms, depending on 

the use for which they are intended. Probably the largest of acrylate 

resins is in sheet form, and polymethyl methacr>-late is the most widely 

used resin. The monomer is poh-merized in long narrow molds, and 

the block is cut to the desired thickness. 

Polymerization of the pure methyl methacrylate is carried near its 

boiling point. Peroxide catalysts are used, and the pohmierization car¬ 
ried until a very- viscous solution is formed. Since \-iscous matenals 
are difficult to cool, the temperature must be kept low enough so that 
the heat evolved in the polymerization does not raise unduly the tem¬ 
perature of the inside of the mass, resulting in bubbles and possible 
darkening of the mass. In some cases alternate heating and cooling 
have been recommended. Since the density increases considerably dur- 
in- poh-merization. movable walls have been suggested to take up the 


contraction. . 

The sheets can be readily shaped by carefully warming and fitting 

over a form. They also can be bent into a wide variety- of shapes 

which can be easily sawed and polished. These sheets are used exten- 

sivelv for windows in commercial and military planes. 

The acrclate resin principally used m molding is poymet y 
acrvlate. This is usually prepared by polymerization in solution, ffi 
no^^-mers being dried, rolled, and ground to the desired partcle size 
Ld screened to the desired fineness. Poly-methyl meth^ry-late is in¬ 
jection-molded or compression-molded. It 

Clock and radio dials. By edge lighting, the light can be piped 


the desired position. '??=U425 

Polvmethvl methacrvlate can be injection-molded at 

Hoc. ;ot deoolvmerize appreciably at these temperatures. 


pressure 
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of 10,000 to 30,000 pounds per square inch is used. Transparent mate¬ 
rials require great care in molding since foreign materials are readily 
visible. Compression molding is carried out at somewhat lower tem¬ 
peratures, 285—360 F. -*\crylate moldings have been used in a wide^ 
variety" of instances, particular!}' where the clarit\' of plastic is desir¬ 
able. Polymethyl methacr^'late is the material largelv emploved, al¬ 
though copolymers have been recommended for special uses. Trans- 



Roiur. a):d y/juo Lo., 


Fig. 2. Methacrylate Resin Xose and Windows in Bomber. 


parent colored and translucent pieces are also produced. The scrap 
from molding may be re-used, or the monomer may be recovered bv 
dr\ distillation, 90 per cent being recoverable (3). 

Lenses for gas masks have been successfullv injection-molded from 
acrv-late resms. These lenses do not have the surface hardness of glas^ 
but clear lenses can be produced without the necessitv of grinding. 
^Magmtymg lenses, transparent containers, and brush handles are famil¬ 
iar articles trom acrylate resins, as are illuminated clock dials and dial 
taces. and radiator ornaments on automobiles. Acrydates have also 
een use or dentures and artificial teeth. In some cases the pohmer 

I. dissolved m the monomer to which catalyst has been added, and mold¬ 
ing can be earned out at low pressures. 

Solutions of the acrylate resins are supplied in a varietv of solvent. 
Solid polyrnethacrylate esters of ethyl and propvl alcohol and copolv- 
mers are also produced commercially. Other resins are polvmers or 
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copolymers of the methyl and higher polyacrjdic and polymethacrjdic 
acid esters. These may be used in solution as surface coatings as clear 
lacquers, or may be pigmented. They have also been used as protective 
coatings on metal. In some cases, where it is desirable to remove the 
coating later, this can be accomplished by heating to 500° C or above, 
when the resin depoh-merizes and evaporates without residue. 



Fig. 3. Molded Clock Dial of Methacrj-late Resin. 


The softer acrjlate resins are useful as adhesives, since they adhere 
readily to metal and are stable to aging and resistant to water. In sur¬ 
face coatings, the acrj late resins possess excellent color and are weather 
resistant. The acr>late resins are compatible with nitrocellulose, and 
the higher esters are compatible with ethylcellulose. They are not 

miscible with drying oils. , u 

Coatings are resistant to water, acids, and alkalies, and cau be bak 

at high temperatures ^^•ithout discoloration. Acrslate resm coatings 

have been used on leather and paper. For solutions. 40 per cent so i s 

content is possible with less highly pol)-merized resins. 

Emulsions of acr^date resins are used for saturating porous materials. 

They have been used with textiles as permanent finishes, increasing t e 
strength or stiffness of fabrics. 
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REVIEW QUESTIONS 

1* ^lethacr^'late resins have been said to he dcri\ed from coal. ;iir. and 
^\■ater. Illustrate with equations hou* pol\meth\*l mcthacr\late can In- 
produced from these three raw material>. 

2. State conditions to prepare an acr\late resin of hiij'h molecidrtr ucieht. 

3. Why are resins of low molecular weight used for -olulion af)i>]ica- 
tions. whereas resins of hii^h molecular wei,<^ht are u-ed in pla-tic- ? 

4. Compare physical properties of the pol_\'mers of \'ariou> nlcthac^^■late 
esters. 

5. Discuss briefly the uses of acrylate resins. 
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CHAPTER 9 


POLYSTYRENE 


Polystyrene was one of the first vinyl polymers to be produced. Since 
cinnamic acid, which occurs as an ester in natural gums, breaks down 
to yield styrene on distillation, a ready means of preparing the monomer 
was available. Benastre, in 1831, obtained styrene by drj’ distillation 


of gum storax. 

Commercial development of styrene has been accomplished in the 
last decade. The copolymer of styrene with butadiene is now a mate¬ 
rial of tremendous importance because of its acceptance as the ssmthetic 
rubber most adaptable to the manufacture of tires. The planned pro¬ 
duction of styrene for this use is in the neighborhood of 200,000 tons 

annually, many times the production of styrene in 1941. 

Simon, in 1839, recognized the formation of the pohmier by heat or 
bv the action of sunlight. The resin was believed to be an oxidation 
product until 1845, when Blyth and Hoffman showed that this was not 
true. Bertholet, in 1867, produced styrene from ethylene and benzene. 


the raw materials now used. 

In 1900, Kronstein suggested the use of polystyrene as an orgamc 
glass and as a lacquer. It is remarkable how wide ot the mark many 
of the early suggestions for the use of resinous materials if - 
stvrene has not been successfully used in coatings because of its lack 
of flexibility. Matthews, in 1911, made a survey of niethods of pr<^ 

ducing polystyrene and its possible utilization. It is remarkable m 

way that Matthews suggested the use of polystyrene ’ 

polystyrene is not well adapted to such uses. The copolymer with buta¬ 
diene was not developed until many years later. 

Many investigators studied the preparation of styrme 
rene and in 1937 the polymer was made commercially in the Um^ 
States It had been produced previously m Europe, ilanj ) 
^'Ss of polystymue were unsatisfactory hecau. of -- 

s«r orhighViity was produced, polystyrene was not made m large 


nuantities. 
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Kaw Materials 

Synthetic styrene is produced by the dehydrogenation of ethylbenzene 
(I). This is formed by the reaction of ethylene with benzene in the 
presence of a catalyst, usually aluminum chloride. 


A 



H H 
HC—CH 

A” 

A 

I 


HC=CH2 

A 

V 

II 


At high temperatures in the presence of iron and steam ethylbenzene 
loses hydrogen to form styrene (II). 

Earlier methods formed ethylbenzene from ethyl chloride and ben¬ 
zene, which was then chlorinated. The chloroethylbenzene was then 
treated with alkalies to remove hydrogen chloride and to form styrene. 
This method often led to products containing chlorine. 

Styrene occurs in coal-tar and gas-tar distillates, but its separation 
in a satisfactory degree of purity is accomplished only with difficulty. 

TABLE I 


Physical Properties of Polystyrene (3) 


Material 

Molec¬ 

ular 

Weight 

Degree 

of 

Polymeri¬ 

zation 

Appearance 

of 

polymer 

Melting 

Point, 

°C 

Solubility 

in 

Ether 

K X 10~* 


Dimer 

208 

2 

Fluid 

Fluid 

Readily 

soluble 

0.85 , 

1 

1 

0.17 

Tiimer 

312 

3 

Fluid 

Fluid 

Readily j 
soluble 

0.79 

0.24 

Polymerized with SnCl 4 

3.000 

30 

Brittle white 
powder 

105-110 

Soluble 

2.6 

0.78 

Polymerized at 150° C 
under Nj 

23.000 

230 

White powder 

120-130 

\ 

1 

Partly 

soluble 

1.8 

4.2 

1 

Polymerized at 100 ° C 
under Nj 

120.000 

1,200 

White fibers 

160-180 

1 

1 

Insoluble 

1.8 

22.0 

Polirmerized at room 
temperature in air 

200.000 

2,000 

White fibers 

<180 

Insoluble 

1.9 

39.0 

flighest fraction poly¬ 
mer formed at room 
temperature under Nj 

600,000 

6,000 

White fibers 

<180 

Insoluble 

1.83 

UO.O 
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Recently polyst 3 Tene resins from such materials have been offered com¬ 
mercially, but most of the polystyrene now produced is from synthetic 
styrene. The amoimt of styrene available in coal- and gas-tar distil¬ 
lates is possibly less than 8 million pounds annually. 

The properties of polystyrene are shown in Table I. Synthetic sty¬ 
rene is usually at least 98 per cent pure, and material over 99 per cent 
pure can be supplied. It is offered either with or without an inhibitor. 
The inhibited styrene is stable for 6 months at ordinary temperatures, 
whereas the uninhibited material begins to pol}Tneri 2 e in 2 to 4 weeks. 


Polymerization of Styrene 

The poljTTierization of styrene has been studied by many investiga¬ 
tors, and the conditions have been thoroughly explored. Heat polymer¬ 
ization is usually employed. Acid catalysts give oily polymers of low 
molecular weight. Aluminum chloride promotes the addition of a 
molectile of styrene in the aromatic ring to form a diphenylethane 

derivative (HI). 

y - H H H 

in 


Phenylacetylene, which is often formed as impurity in producing 
styrene, inhibits polymerization as does isobutene. Hydroquinone is 
frequently added to inhibit pol}'merization of styrene and may be re¬ 
moved by the addition of alkali and distillation at moderate vacuum. 
Trinitrobenzene, anthracene, cresols, and pyrogallol also have been 
found to inhibit polymerization. It has been shown that addition in¬ 
hibitors of this type lead to a long induction period, but once the poly¬ 
merization starts the reaction proceeds at the usual rate. Of the in¬ 
organic materials, sulfur is an effective inhibitor at low concentration. 

Copper salts also act as inhibitors. 

Light, peroxides, and ozonides catalyze the polymerization. Styrene 

polymerizes at room temperature, if inhibitors are absent, but the poly¬ 
merization requires weeks. The pol>Tner formed under such conchtions 
is of high molecular weight. At higher temperatures, the molecular 

weight is much lower. 

It will be noted that the solubility in ether decreases rapidly as tne 
polymer size increases. Alcohol is used to determine the low polymers 
in a polvstyrene resin. The resin may be dissolved m an aromahc 
hydrocarbon, and all but the lowest polymers are preapitated by th 

addition of several volumes of alcohol. 
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At temperatures above 170° C, heat polymerization leads to smaller 
molecules which are rather brittle. Polymerization of styrene can be 
carried out in solution, but this method is usually not employed because 
of the difficulty in removing the solvent completely. 

Pol>'merization in solution tends to form lower polymers, particularly 
at low concentration of styrene and in certain solvents. In carbon 
tetrachloride solution only low polymers are formed, whereas larger 
polymers are formed in solution of aromatic hydrocarbons. 

St 3 Tene can be polymerized in emulsion, ammonium soaps, saponin, 
organic sulfonates, and albumen, which are among the materials sug¬ 
gested to disperse the styrene. The emulsified polymer can be precipi¬ 
tated by the addition of methanol. Such emulsions have much lower 
viscosity than solutions of the same solids content in an organic solvent. 
This diflference has been attributed to the shape of the molecule, which 
appears to be rod-shaped in solution and spherical in the emulsion. It 
is believed, however, that the molecules even in solution are not neces¬ 
sarily entirely rigid but may be kinked to a greater or lesser degree, 
depending on whether they are in good or poor solvent. 

In polymerizing styrene without the use of solvents, polymerizing 
under reflux until the mixture becomes viscous has been recommended 
when the mixture is held at about 100° C. This prevents overheating 
of the center of the mass by the heat evolved in polymerization, which 
is not readily dissipated from the highly viscous mass. Such overheat¬ 
ing would lead to darkening of the finished resin. 

Structure of Polystyrene 

Polystyrene is only slightly extensible and does not exhibit a crystal¬ 
line X-ray pattern; hence it apparently does not tend to form an ori¬ 
ented arrangement of chains. Mark has suggested that the chains 
formed at high temperatures are highly branched. The viscosity of 
such polymers in solution is lower than would be expected from their 
molecular weight if they were straight chains. Definite proof of 
branching in this case has not been established. 

It is believed that polystyrene is a head-to-tail polymer. Destructive 
distillation (4) yields among other products, 1,3-diphenylbutene (IV) 
which would be expected from a head-to-tail arrangement. Midgley (2) 


H H H 



IV 
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has found that sodium polymerizes styrene to 1.4-diphenylbut\Icne (V), 
but the conditions are sufficiently different from those of polystyrene 
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formation that it cannot be regarded as eridence for a head-to-head 
structure in heat-pol>-merized polystsTene. 

In addition to dist\Tene. tristj-rene. 1,3-diphenylpropane and 

1,3,5-triphenylpentane (VII) have been isolated from destructive dis- 
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tillation products of polystyrene. All these products would be obtained 
from a head-to-tail polj-mer only (1). 


Copolymers 

Sty rene can be polj-merized yvith a wide variety of vinyl monomers. 
Of these only the copoly-mer with butadiene has achieved any large 
commercial importance. This copol}'mer yvill be considered in the sec¬ 
tion on sy-nthetic rubbers. 

The copol>-mers of stjTene yvith /--divinvlbenzene were first described 
by Staudinger and Heuer (5) and are a striking example of the effect 
of cross-linking. Many divinyl compounds exhibit similar effects in 
causing cross-linking, but divinvlbenzene is apparently remarkably effi¬ 
cient in promoting cross-linkages at low concentrations. Amounts of 
/--divinylbenzene in styrene that could not be detected by chemical anal¬ 
ysis change the solubdity of the polj-mer greatly. 

The divinylbenzene serves as a link betyveen ty»'o styrene chains, re¬ 
sulting in an insoluble pclj-mer (VIII). Insolubility is achieved wffi 
only small amounts of p-diydnylbenzene. Styrene contaimng only aOl 
per cent of this material yvill form an insoluble polymer, which is swoUen 
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If the styrene chains are of considerable length, it is apparent thal 
a small amount of the divinyl compound results in a much larger mole¬ 
cule. 

Other divinyl materials, when used with styrene, must be in mud 
larger amounts to produce insoluble polymers, and conjugated divinyl 
compounds show some tendency to form cross-linked polymers. 

Copolymers with monovinyl compounds and styrene have been pre¬ 
pared, including those with isobutene, vinyl chloride, acrylonitrile, and 
acrylate esters. Styrene forms copolymers with maleic anhydride and 
esters of maleic anhydride. Such copolymers are also called hetero¬ 
polymers and have been described above. 


Properties and Uses of Polystyrene 

Polptyrene is used almost entirely as a plastic material and is sup¬ 
plied in granules for molding. Molding powders are prepared by mix¬ 
ing polystyrene on heated rolls. Pigments and colors may be added on 
the rolls. The material is then sheeted, ground, and sieved to the de¬ 
sired fineness. The viscosity of a 10 per cent solution in toluene has 
been used as a measure of the degree of polymerization of these resins. 
Plasticizers are not usually used with polystyrene, the properties of the 
plastic being controlled by degree of polymerization of the resin. Rods, 
sheets, and foil of polystyrene are also available. 

Polystyrene has a low density, 1.05, being the lightest of the pla.stics 
on the market. It has a low extensibility and is somewhat hard but 
Its surface hardness is less than that of glass. It has good clarity ap¬ 
proximately 90 per cent of visible light being transmitted. It is smne- 
what bnttle but is less brittle at low temperatures. 

The water resistance of polystyrene is exceptionally high, and in di- 
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Fig. 1. Injection-Molded Funnels and Spoon of Polystyrene. 



Fig. 2. Acid-Resistant Bottle Caps of Polystyrene. 
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in aromatic and chlorinated hydrocarbons. Less viscous solutions can 
be prepared by using a mixture of aliphatic and aromatic hydrocarbons. 

In the presence of strong mineral acids and alkalies at' ordinary tem¬ 
peratures, polystyrene is unattacked and oxidizing acids have no effect. 

Polystyrene can be readily molded by the injection machine, but is 
not so well adapted to compression molding. It flows readily on the 
application of heat, and temperatures of 300 to 500® F are employed 
in injection molding, with pressures of 10,000 pounds per square inch. 
Polystyrene depolymerizes somewhat at temperatures above 400® F, 
but the breakdown is not great, particularly if air is not present, and 
scrap can be reused. For compression molding, the temperature and 
pressure are lower, being 275 to 350° F and 1,000 to 5,000 pounds per 
square inch, respectively. 

The molecular weight of the commercial resins is in the range of 
65,000 to 95,000, the type of higher molecular weight being of slower 
flow. Tensile strength is about 6,000 pounds per square inch and elon¬ 
gation about 2 per cent up to 80° C, the heat distortion point of molded 
polystyrene. 

Polystyrene is used for closures for strong mineral acids and in 
molded cases for liquid batteries, uses where the resistance of polysty¬ 
rene to acids and water make it unique. It is also used for high-fre¬ 
quency insulating cable, and as foil in electrical condensers, because of 
its high dielectric value and low power factor. It is also used for mag- 

nifying glasses, funnels, and in refrigerators as drip trays, drawer 
fronts, and sealing frames. 


REVIEW QUESTIONS 

1. Outline methods for producing styrene. 

2. Discuss the effect of conditions on the degree of polymerization of 
polystyrene. 

3. List some of the uses of polystyrene and relate these uses to its prop¬ 
erties. ^ 
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HYDROCARBON RESINS 


Since unsaturated aliphatic and aromatic hydrocarbons are available 
in large quantities and at low cost, it is not surprising that some of 
ttiese materials have been utilized in the preparation of S 3 rnthetic resins. 
Some of the synthetic rubbers are prepared from unsaturated hydro¬ 
carbons. They will be considered in a separate part of this book (Chap¬ 
ter 11). Polystyrene is described in the preceding chapter. 

The lower olefin hydrocarbons can be pol>'merized to liquid poljnners, 
which are valuable as motor fuels. “Pohmier” gasoline is formed in 

this way. 

Polyisobutene forms large poh-mers when polymerized at low tem¬ 
peratures in the presence of catalysts and is the one large polymer of 
the lower olefins that is produced in commercial amounts. Polyethy¬ 
lene has been produced commercially in England but not in the United 


Hydrocarbon resins from mixtures of olefins and diolefins can ^ 
produced which have unsaturation and can be polymerized further m 
thin films. Resins of this type are dark in color, and their uses are 
limited for that reason. There are several unsaturated aromatic hydro¬ 
carbons present in coal tar, including stjnrene, coumarone, and indene, 
which can readily be polymerized to hard resins. These resms are pro¬ 
duced in large quantities. Aromatic hydrocarbons ^n be condensed 
with formaldehyde to give hard resins, but these resins have not been 


produced in large quantities. 

Recently resins from terpene hydrocarbon have been produced com 
mercially. Thus hydrocarbon resins are produced with a wde variety 
of properties from petroleum, coal tar, and turpentine. Resins from 

these sources will be considered in that order. 


Resins from Petroleum 


petroleum oils. 


^ ^_ olefin, is polymerized with some dimcuiiy. 

able in large quantities in the gases from cracking of 
It may be separated by fractional distillation at low 
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formation of liquid polymers, most of which boil below 200° C. High 
pressures are employed to produce solid polymers of ethylene, pressures 
of at least 1,200 atmospheres being used. The polymerization is car¬ 
ried out between 100 and 300° C and below the temperature of explo¬ 
sive decomposition. The solid polymers are insoluble in solvents at 
ordinary temperatures but are dissolved by hot aromatic solvents, from 
which they separate on cooling. These ethylene polymers (I) melt 
rather sharply at 110 to 120° C and may be molded. 



I 


Polyethylene may be extruded in fibers when heated above its melt¬ 
ing point. The strength of these fibers is increased by cold drawing. 
Polyethylene has excellent resistance to water and has good electrical 
properties. It has been used for electrical insulation and as a substi¬ 
tute for rubber in molded articles. 

Propene, butene, and higher olefins polymerize to form liquid prod¬ 
ucts, Isobutene polymerized at low temperatures forms a solid rubber- 
like material which is described in Chapter 11. 

Acetylene polymerizes readily and yields a wide variety of polymers. 
The dimer, vinylacetylene, is formed in the presence of cuprous chlo¬ 
ride. The material does not yield useful polymers but can be made 

into chloroprene, which pol)nmeri 2 es into a valuable rubber-like mate¬ 
rial. 

The trimer, divinylacetylene, is also formed by the action of cuprous 
chloride. This may be further pol 3 mierized to an oil which dries read¬ 
ily on exposure to air and 3 tields insoluble but somewhat brittle films. 

Acetylene in the, presence of copper at high temperatures polymerizes 
to a solid polymer, cuprene. This is a dark-colored powder whose 
chemical structure has not been established. 

Diolefins are used principally in the preparation of synthetic rubber. 
If, however, mixtures of olefins and diolefins are treated with alumi¬ 
num chloride, solid resins are obtained. As the ratio of diolefin to 
olefin in the starting material is increased, the resulting polymer is 
more unsaturated since only one of the double bonds in the diolefin is 
used. Aluminum silicate or active clays may also be used to eflFect the 

polymerization. Resins with iodine values of 100 to 400 can be pro¬ 
duced, and those with higher iodine value are capable of further poly¬ 
merization. These resins are made commercially and are usually quite 
dark in color. 
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The olefin-diolefin mixture for the formation of these resins results 
from high temperature cracking of crude oil or petroleum fractions. In 
some cases crude oil is cracked to give a high yield of olefins and di¬ 
olefins to be used for the preparation of resins of this type. In other 
cases resins are obtained as a by-product in refining cracked distillates. 

H H 

H 3 C—CH 2 —CH 2 —CH=CH 2 + HaC^CH—C=C—CH 3 


The olefins and diolefins must be removed since they lead to gum for¬ 
mation. This removal is accomplished by treatment with strong adds. 
The resins recovered by this treatment with adds are quite dark in color 
and vary from viscous oils to resins melting from 100 to 125° C. They 
have iodine values var\'ing from 120 to 350, depending on the amount 
of diolefins in the materials pol}merized. 

These resins pohmerize when baked in thin films to form inscduble 
films, which are, however, rather brittle. Drying oils are added to im¬ 
prove the flexibilin*. The pol>mers with high iodine values are more 
useful in this connection. The resins may also be used in baked fin¬ 
ishes since they pohmerize on the application of heat. They are, how¬ 
ever, quite dark, which limits the field of application. 

The commercial resins are offered either as hard thermoplastic resins 
or in solutions. The highly unsaturated resins of high iodine value are 
frequently offered in solution, since some of the unsaturation is lost in 
producing the diy resin and they become less soluble. Some of these 
resins are low in cost, but often they are dark colored. 

Resins from Coal Tar 

Coumarone-Indene Resins. Coal-tar naphthas contain coumarone 
(II), indene (III), and their homologs as well as dicyclopentadiene 
(IV), which can be readily polymerized to yield hard resins. Cot^- 
rone was s)mthesized in 1883 by Fittig. In 1890 Kraemer and Spilk^ 
isolated coumarone and indene from coal-tar naphthas. They found 
that these materials could be polymerized by treatment with sulfunc 
add, and they suggested the use of the resins in varmshes. 
dal production of coumarone resins began in the Umted States w 
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1920. The present production of these resins is in the neighborhood 
of 20 million pounds annually. 

The fractions (1) which contain resin-forming materials are; 140 
to 160° st 3 a‘ene (V), dicyclopentadiene (IV) fraction; 168 to 175° 
coumarone (II); 176 to 182° indene (III); 185 to 200° methylcou- 
marones (VI); 200 to 210° methylindenes (VII); and 210 to 225° 
dimethylcoumarones (VIII). Since these materials polymerize on 
standing, they are preferably removed from coal-tar naphthas to im¬ 
prove the quality of these naphthas. 



VI Vll VIII 


C^-tar oils contain styrene and indene and their homologs, and are 
distilled to recover fractions containing these materials. 

Whitby and Katz (3) have studied the polymerization of indene by 
stannic chloride and have found that the melting point of the resins 
formed increases with the molecular weight. They found that the ab¬ 
sorption of bromine indicates the presence of one double bond in each 
molecule of the polymer. They also found that heat polymerization 
yields polymers of the same type as are produced by acid catalysts. The 
melting points of resins of different polymer size are given in Table I. 

TABLE I 
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Commercial resins in general do not have as high molecular weights as 
indicated by the table. Many of the commercial resins have molecular 
weights below 1,000. Commercial resins are also made from homologs 
of coumarone and indene, and they produce less highly polymerized 

resins. 

Commercial resins are made principally by the action of sulfuric acid 
on coal-tar fractions containing resin-forming materials. Since the 
pohTnerization proceeds rapidly, the reaction must be cooled to prevent 
darkening of the resins by high temperatures. The coal-tar fractions 
are. in some cases, diluted with petroleum solvents and higher poljmiers 
precipitate from the reaction mixture as they are formed. Sometimes 
refrigeration is employed to insure low temperatures during the poly¬ 
merization. Other catalvsts have been suggested for the poh-merization 
of coumarone and indene. such as stennic chloride, antimony pentachlo- 

ride. and addition compounds of sulfuric acid. 

MTien poh-merization is complete, the sulfuric acid is separated from 

the resin solution. This solution contains sulfonic adds formed by 

the action of sulfuric acid on the aromatic constituents of the naphtha 

fractions. They are removed by washing with alk-alme solutions. The 

washed solution of resin is then distilled w4th steam. To obtain resins 

of satisfactorj- melting point, the solvent must be largely removed, and 

often the dimers, which are oils, must also be removed. 

Stvrene (\') occurs in coal-tar oils and also in gas-tar oils. Poly¬ 
merization of smene with acid catalysts does not lead to the formation 
of a large polj-mer since the acid catalyzes the formation of diphenyl- 

ethane (IX) derivatives. 



IX 


Therefore, styrene fractions are largely pohmerized by heat, m which 

case lax^e pol\Tners are formed. KVti 

Coumarone-'indene resins are vinyl polymers, the s^cture of whi 

is indicated below. They consist of relatively short chams, 

over twenn segments in length. They may contam coi«l>-mers of m 

dene with coumarone and also with their homologs. In soine cases. 

certain unsaturates which polj-merize with difficulty may not form co- 

polvmers but onlv low pohmers. Poldndene (X). 

^'d, and polystyrene (XII) may. however, be regarded as amo g 

the poh-mers present in commercial resins. 
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The resins are soluble in aromatic hydrocarbons and hydrogenated 
petroleum solvents, chlorinated solvents, esters, and the higher alcohols. 
They are insoluble in the lower alcohols, and the less soluble and more 
highly polymerized resins of this tj-pe are not completely soluble in 
petroleum naphtha. The color of the commercial resin is expressed on 
a color scale especially developed for these resins. The melting point 
is determined by the cube in mercury method although the ball and ring 
method may also be used. 

Coumarone-indene resins are widely used in compounding rubber. 

For this use, resins are usually employed to plasticize the rubber, and 

have a 30-80° C melting point and less than 0.1 per cent ash. Cou- 

marone-indene resins are also used in the manufacture of varnishes. 

A. wide variety of grades is offered for such uses where light-colored 

resins of high melting point are used. These resins have melting points 

ip to 130° C by the ball and ring method and the color is from K-WW 
)n the rosin scale. 

Since these resins are fairly soluble, they are in general added at the 
!nd of the heating period of the drying oils. The resins have good 
olor, but continued heating at high temperature in the varnish kettle 
leepens the color. The addition of coumarone-indene resins to drying 
lils improves water resistance since hydrocarbon resins are not affected 
y water. Coumarone-indene resins are also used in the manufacture 
if light-colored mastic floor tile and in the manufacture of printing 
iks. Soft or plastic grades of resins are also supplied with an even 
)wer melting point, but they vary considerably in color. Dark-colored 
esins with 0.1 per cent ash content are offered, varying from very soft 
esms to resms of 110° C melting point. Since coumarone-indene 
ssms are low in molecular weight, they may be employed with a large 
ariety of waxes and natural resins. 

Coumarone or mdene may be condensed with phenols to form alcohol- 

Jluble resms (XIII). They may also be hydrogenated to form light- 

wored resms. Neither of these types of resins, however, has assumed 
idespread commercial use. 
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dimer, an oily material. Aluminum chloride, however, promotes the 
formation of higher polymers which are solid resins melting at 130- 
150® C. Such resins have recently been offered commercially. They 
are soluble in diyang oils and hydrocarbon solvents. The structure of 
these polymers has not been established. The molecular weight aver¬ 
ages around 700, indicating five molecules of pinene are combined in 
the average molecule. It is probable that the polymerization proceeds 
only after the cyclobutane ring in pinene has opened, forming the poly¬ 
mer with the following t}*pe formula. 

r CHa H I 
—C-C— 

I H 

A 

V 

_ CHa J„ 

These resins have good color, are widely soluble, and are recommended 
for use in paints, varnishes, printing inks, and adhesives. 

Hydrocarbon resins in general have certain advantages. They are 
heat resistant and are stable to oxidation. Their inertness, however, is 
sometimes disadvantageous since they do not combine with dr>'ing oils 
and cannot easily be condensed with other materials. 


, 1 . 

2 . 

3. 


REVIEW QUESTIONS 

What are the advantages and disadvantages of hydrocarbon resins? 
How are coumarone-indene resins produced? 

What uses are made of coumarone-indene resins? 
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PART IV. SYNTHETIC RUBBERS 


CHAPTER 11 

♦ 

POLYCHLOROPRENE. POLYBUTADIENE, POLYSUL¬ 
FIDE. AND POLYBUTENE RUBBERS 

By K. H. Webek 

In 1839, Charles Goodyear discovered that raw rubber could be trans¬ 
formed by heating with sulfur from a soft, yielding mass into a slightly 
plastic material possessing greatly improved strength. For nearly a 
century natural rubber was alone in its class of resilie^ matter, and 
its uses expanded at an ever-increasing rate. During this time numer¬ 
ous studies were made of the chemical constitution and structure and 
many attempts were made to duplicate the material. None was 
ful however, until in 1916-1918 several thousand tons of methyl rub¬ 
ber were produced in Germany. After the World War, mtere^^ 
synthetic rubber-like materials lagged while the price of natural rubbw 
reached new low levels. In 1928, however. Patrick discovered the poly¬ 
sulfide rubbers, and the search for other synthetic polymers 
some of the tensile properties of natural rubber but posses^ improved 
resistance to oils, sunlight, and oxygen was accelerated. 
of polychloroprene and the butodiene rubbers foUow^ 
synthetic rubber-like materials became products of estabbshed commer- 

UndeTthe impetus of present world conditions, the developmmt of 
synthetic rubber-like materials is being carried forward at a piu^ 
o!l^ly accelerated pace. NVhereas in 1940 the total ^ 

r few thousand pounds of butadiene copolymers, expansion pla® to 

800 , 0 (J. tons of the latter type. This is more th^ four hm^ h^ 

production of plastic and resmous matenak of 
United States. Table I traces the growth in the 

common types of synthetic rubbers m recent years. Figures «e « 
long tons. 
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TABLE I 


Production of Synthetic Rubber in the United States 


4 

i 

Polychlo- 

roprene 

Butadiene 

Rubbers 

Polysulfides 

1 

Polybutene 

Rubber 

1939 

1.750 




1940 





1941 (est.) 

6,300 


1,400 


1942 “ 

19,200 


18,000 

1 

4,800 


It will be noted in this discussion that some materials, such as plas¬ 
ticized polyvinyl chloride and pol 3 rvinyl chloride acetate, which are used 
to some extent to supplement rubber, are omitted. These materials are 
discussed elsewhere and are not grouped among synthetic rubber-like 
materials because of their thermoplasticity even when compounded with 
other materials. Although they do possess a certain degree of flexibil¬ 
ity, they are generally lacking in resiliency. 

In several important properties natural rubber in the proper state of 

vulcanization possesses unique characteristics which represent the goal 

of workers in the field of synthetic rubber-like materials. Of these 

the tensile behavior remains the one most desirable of attainment. It 

has been said that no other material, organic or inorganic, possesses the 

combined strength and elasticity of properly vulcanized rubber. For 

these reasons a brief review of the more important physical properties 

of rubber and of its chemical structure will be given. Because of the 

importance of the process of vulcanization to these desirable physical 

properties, the theories of the changes involved in vulcanization will 
be presented. 


CHEMISTRY AND STRUCTURE OF RUBBER 

The empirical formula of rubber, or more correctly of the hydro¬ 
carbon which makes up over 90 per cent of rubber, is (CsHs). To 
account for its high molecular weight, the formula is usuaUy written 
as (CsHs). in which x- is of the order of 2,000. Thermal decompo¬ 
sition of mbber leads to the formation of volatile products with the 

^me ^pm(^ formula These compounds are more highly' unsatu¬ 
rated than lubber either by reason of an extra double bond or of a ring 
Isoprene (I) and dipentene (II) are among these volatile products 
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Since these hydrocarbons are interconvertible, the simultaneous occur¬ 
rence of both is understandable. In addition small amounts of trimeth- 
vlethylene and very smaU amounts of other isopentenes have been iso¬ 
lated. I f hydrorubber is pjTolyzed, no isoprene is found, but unsym- 
metrical methylethylethylene is obtained. Since isoprene is obtam^ 
in greatest amount, has the same empirical formula as rubber, and poly¬ 
merizes to a rubber-like product, it is generally considered to repre^t 
the monomeric unit of rubber. On the basis of this evidence the ^ 
lowing is usually accepted as representing a section of the hydr^^ 
chain in natural rubber without commitment as to the stereochemical 
arrangement of the atoms or to the nature of the terminal groups: 

CHi CHj 



Ozonolysis leads to the formation of acetic acid (III), pyroracennc 
acid (IV). methylglyoxal (V), levulimc aldehyde (VD. 

Ld and carbon dioxide. AU these products can be accounted for on 

^ ^ V A 


CHjCOCOOH 


IV 

CH,CO-CHtCH,CHO 

VI 


CHjCOOH 


HI 

CHjCOCHjCHiCOOH 

VII 



^H, 


(CHiCOCHtCHiCO)rf)» 

VIII 


CHiCOOH 

IlHiCOOH 


DC 

r bon i. 0..^^ s! 

gutta-percha hydrocarbon is believed to be tra«. 
mulas represent the two isomers: 
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One of the most useful methods of studying the physical structure 
of rubber has been the use of X-ray diffraction patterns. The most 
widely accepted view is that rubber may be pictured as a brush-heap of 
entangled long-chain molecules. As in many rubber-like materials, 
regularities of structure are found in the X-ray diffraction patterns. 
Such regularities are not considered to be necessary for rubber-like 
properties, but they do afford a means of studying the molecular rear¬ 
rangements which occur under the application of stress. 

Early work by Katz revealed that the X-ray diffraction pattern for 
unstretched rubber consists of a broad halo, like that exhibited bv 
liquids. A tj’pical pattern is shown in Figure 1 (5). Klongation of 
rubber brings about a marked change in the pattern. Sharp diffraction 
spots appear, as showm in Figure 2. Such a pattern is typical of a 
system in which small, ordered crystalline regions exist. The explana¬ 
tion for the appearance of crystalline regions is that, upon elongation 
following the application of stress, relatively short lengths of adjacent 
long-chain molecules become to some extent aligned. Spontaneous 
ciy-stallization then occurs due to the presence of sufficiently strong 
and regular intermolecular forces with the formation of a crystal lat¬ 
tice. One chain may be concurrent in several crystal lattices. Unlike 
rnetals in which crystal grains are pre-existent in the structure, crystal¬ 
lites are formed and aligned in the stretching of rubber. 

The formation of crystallites accounts for several of the tensile 
properties of rubber. At high elongations stiffening occurs, and the 
stress-strain curve is concave toward the stress axis. Resistance to 
creep or plastic flow is increased. If application of stress is slow and 
regular, rubber may be stretched without the appearance of crystallites. 
The tensile strength of the stretched product is greatly reduced 

Upon the release of stress, the molecularly ordered state is unstable. 

hemal agitation causes a breakdown of the crystallites and a return 

to the unordered amorphous structure possessing a more or less ran- 
dom arrangement. 
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Fig. 1. Unstretched Natural Rubber. 



Fig. 2. Stretched Natural Rubber. 



Fig. 3. Unstretched Po’.yisobutylene. 


Fig. 4. Stretched Poh-isobiitj-lene. 



Fig. 5. Stretched Polychloroprene. 



Fig. 6. Unstretched Polychloroprene. 
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Fig. 7. Stretched Polysulfide 
• Rubber. 



Fig. 8. Unstretched Polysulfide 

Rubber. 



Fig. 9. Butadiene-Styrene Copolymer, 

Stretched and Unstretched. 

Figures 1—9 courtesy Goodyear Tire and Rubber Co. 


A hypothetical picture like the foregoing^ requires that excessive slip¬ 
ping should not occur between chains upon the application of stress. 
Since many synthetic rubber-like materials do not form crystal lattices 
upon stretching, additional structure must be capable of preventing 
slipping. In these materials primaiy' cross-linkages between the long 
chains are probably the operating factor. In vulcanized rubber both 
crystallites and primary cross-linkages occur, and greatly increased re¬ 
sistance to slipping of the long chains is found. In some cases sec¬ 
ondary valence forces, the so-called van der W'aals forces, between loner 

' O 

chains may produce the same effect. 
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The formation of crystallites has been observed in several synthetic 
rubber-like materials. Figures 3 and 4 show the diffraction patterns 
for unstretched and stretched polyisobunloie. The unusually dear and 
intense spots indicate a high degree of crystallinity in the stretched ma¬ 
terial. Similar, though less sharp, patterns are obtained with stretched 
polychloroprene, as shown in Figure 5. The amorphous nature of un¬ 
stretched polychloroprene is shown in Figure 6. Polysulfide rubbers 
represent a still lower degree of ciy stallinity, as shown in Figure 7, for 
a stretched, vulcanized pohsulfide rubber. The fairly sharp halo which 
is seen also in Figure 8 for the unstretched stock is evidence of a sli^t 
degree of crystallization. 

Ciystallites appear to form only where a uniform chemical structure 
is present in the long-chain molecules withoirt an excessive number of 
primary' valence cross-linkages. On the basis of such an assumption, 
the following formulas illustrate a part of the chain in rubber, poly¬ 
chloroprene, and poh'isobutylene: 


rubber CHj CHj CH* 



The methyl and chlorine atoms are arranged in an orderly fashion 
along the chains, possibly through the relativdy strong orienting effect 
of the chlorine atoms in the case of polychloroprene. 

Other sy-nthetic rubber-like materials, notably the copolymers of buta¬ 
diene, are always in the amorphous state. The cause for this appears 
to lie in the extensive cross-linking between chains, as indicated by low 
solubilities in most solvents. PoK-merization leads to the formation of 
chains of limited length, which then are linked to neighboring chains 
at one of the double bonds. The irregular structure thus formed pre¬ 
cludes the possibility of the formation of a crystal lattice on stretching. 
In addition to cross-linking, the introduction of a dissimilar mon^eric 
molecule at irregular distances along the chain also leads to irr^u- 
larity of structure and further reduces the possibility of crystallization. 
In Figure 9 X-ray diffraction pattern for butadiene-styrene aqxdymer 
is shown which is typical of those obtained for other butadiene copoly¬ 
mers. The halo persists at the highest elongation possible. 
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The formation of cr^'stallites is therefore not necessary for the pro¬ 
duction of rubber-like properties. W’here crystallization does occur, 
similarities in structure are evident between rubber and synthetic rub¬ 
ber-like materials which are helpful in understanding the properties of 
the latter. 

Properties of Natural Rubber 

It is necessary to distinguish between raw rubber and vulcanized 
rubber when evaluating physical properties. In general, raw rubber is 
much inferior to vulcanized rubber in the matter of elasticity as well 
as in its ultimate tensile strength. Under conditions of stress usuallv 
used in commercial testing, raw rubber has a breaking strength of 
about 140 pounds per square inch whereas properly vulcanized “pure 
gum” compounds show breaking strengths of the order of 2.840-4.260 
pounds per square inch. At low temperatures the differences in break¬ 
ing strength become less noticeable, and in both types almost all ex¬ 
tensibility is lost. Furthermore, the elasticity of raw rubber is subject 
to changes with temperature to a far greater extent than the elasticity 
of vulcanized rubber. Whereas the latter maintains almost the same 
extensibility and strength over a wide temperature range, raw rubber 
retains values comparable to those at room temperature only over a 
relatively narrow temperature range. Raw rubber also exhibits com¬ 
plete recovery from extension only when the rates of extension and 
recovery are rapid; slow extension produces a high degree of perma¬ 
nent set. On the other hand, the rate at which vulcanized rubber is 
stretched exerts but little effect on its stress-strain properties. For 

these reasons and others, raw rubber is seldom used as such but usually 
is employed in the vulcanized state. 

The most important change occurring in rubber during the process 
of vulcanization is the great reduction of its plasticity while elasticity is 
maintained. The resulting product has greater strength and less sur¬ 
face tackiness. Accompanying these changes is usually an enhanced 
resistance to the swelling action of solvents, probably through a corre¬ 
sponding reduction in plasticity. No general statement can be made 

regarding the effect of vulcanization on the susceptibility of rubber to 
deterioration by oxidation. 

Unlike most other materials, notably metals, rubber tends to become 
warm when stretched rapidly. The first quantitative measurements 
^re made by Joule, and the phenomenon is known as the Joule effect. 
The changes occurring in raw rubber on stretching are given in Table 
II. Similar values have been found for vulcanized rubber. 
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TABLE II 

Elong^ation (5^) 30 59 91 146 262 300 

Temperature Change (°C) —0.002 0.020 0.059 0.139 0.657 0.750 


It is to be expected that stretched rubber would retract on warming, 
and this conclusion has been confirmed experimentally. 

A notable weakness of rubber is its lack of resistance to such sol¬ 
vents as hydrocarbons, vegetable oils, ether, and carbon disulfide. In 
this respect properly vulcanized rubber diflFers from raw rubber in 
that swelling proceeds to a maximum and is not as a rule accompanied 
by passage of rubber into the solvent. This behavior is probably asso¬ 
ciated with the complex three-dimensional structure of the rubber ag¬ 
glomerate. A few generalizations regarding the solvent action of or¬ 
ganic compounds can be made. The introduction of polar groups, such 
as carbox}’!. nitro, amino, and hydroxyl, into the compounds, particu- 
larlv in the aromatic series, leads to a reduction of the swelling effect. 
Also higher members in an homologous series of aliphatic compounds 
exhibit a greater swelling effect than lower members. In many cases 
addition of a second solvent causes an increase in the swelling even 
though this second solvent ma\’ not by itself cause swelling. Consid¬ 
ering this, it seems logical to assume that swelling represents an attack 
bv each solvent on certain links within the agglomerate. If \nilcaniza- 
tion is considered to set up new bonds between rubber fibers, it is not 
surprising that, in general, vulcanized rubber is attacked to a lesser 
extent bv solvents than is raw rubber. Xot only the extent but also 
the rate of swelling is reduced by the vulcanization process. Hence, 
some of the bonds set up in vulcanized rubber would appear to be semi- 
jjermanent. association bonds. Carbon black and to a lesser extent 
zinc oxide, magnesia, clav. and magnesium carbonate, when incor- 

porated in rubber, reduce the tendency to swell. 

The following chart compares the important properties of un\nil- 

canized and vulcanized rubber: 


Um'ulcamccd Rubber 

Low tensile strength 
Plastic 

Thermoplastic 

Soluble in many solvents 

Tacky 

Limited elasticin- 
Low recoveiy 
High retentivin- 
High flow 

Narrow temperature range 


Uulcanized Rubber 

High tensile strength 

Xon-plastic 

Xon-thermoplastic 

Reduced solubilit>* in most solvents 

Xon-tack>* 

Extensive elasticity 
High recovery 
Low retentivity 
Low flow 

Wide temperature range 


CHEMISTRY ASD STRUCTURE OF RUBBER 


183 


Vulcanization 

The importance of the vulcanization process to the entire field of 
rubber-like materials, natural and s}-nthetic, makes a brief review of 
the chemistry and mechanism of vulcanization advisable. Only the 
more generally accepted theories will be discussed, together with the 

evidence advanced in their support. 

The term “vulcanization’^ has been applied to a number of processes 
which bring about greater elasticity and strength and reduce tackiness 
in rubber-like materials. In 1839, Qiarles Goodyear introduced the 
revolutionary'' technique of effecting these changes by heating samples 
of rubber in which sulfur had been intimately mixed. To this process 
the name “v ulcanization ” was given. Over a century later, this remains 
the most important single advance in rubber manufacture, even though 
in the course of time other methods of vulcanization were evolved. In 
1846 the effect of sulfur monochloride as a vulcanizing agent was dis¬ 
covered, and thereby the use of heat was rendered unnecessary. In 
time other agents, such as peroxides and polynitro compounds, were 
found to produce the same result. The original requirements of vul¬ 
canization, heat and sulfur, therefore, were completely eliminated. An 
unrestricted definition of vulcanization would be any process which re¬ 
duces the plasticity ^ of rubber while maintaining its elasticity. 

It is beyond the scope of a work on synthetic polymers to deal with 
the possible mechanisms of each of a number of vulcanization reac¬ 
tions. For the purposes of this discussion, only the one involving the 
use of sulfur will be considered. 

The first extensive study was made by Ostwald, who concluded that 
vulcanization was entirely an adsorption phenomenon. Unfortunatelv-. 
the data which Ostwald used and which represented the work of others 
were soon found to be inaccurate, and the process of vulcanization 
could no longer be thought of as a simple adsorption process but must 
involve changes of a definite chemical nature. 

Sulfur is not merely adsorbed by rubber but is actually soluble in it. 
When a mixture of rubber and a small amount of sulfur is heated, the 
sulfur disappears. Upon cooling the sulfur separates again as small 
drops. The passage of sulfur into the rubber definitely indicates that 
the solution is molecular and not colloidal. The solubility increases 
with temperature and decreases as the amount of combined sulfur in¬ 
creases. The extent of solubility is approximately 3 per cent at 25® C, 
since rubber compounds containing more than this amount often ex¬ 
hibit a bloom on the surface before vulcanization. 
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That sulfur combines with rubber in an irreversible manner has been 
definitely established. After a short time the content of fixed sulfur in 
a \ailcanized sample does not varA' in the presence of an extracting 
solvent. Combined sulfur cannot be removed by means of boiling 
alkali or by heating the rubber in an iron autoclave \vith #:opper, zinc, 
calcium, or magnesium. Furthermore, it has been shown that if vul¬ 
canized rubber is brominated, the combined sulfur remains quantita¬ 
tively in the bromination product. In this connection it should be men¬ 
tioned that the term ‘‘devulcanization'’ as used in the reclaiming indus- 
trv is ill chosen since the amount of combined sulfur in reclaimed 
rubber may actually be greater than in the scrap from which it Avas 
obtained. 

The temperature coefficient of the combination of sulfur with rubber 
is within the limits which indicate a chemical reaction. Spence and 
Young found the aA*erage temperature coefficient to be 2.84, and other 
workers haA'e found similar, if somewhat lower, A^alues. No simple 
chemical reaction appears probable since the rate of combination in¬ 
creases ^^^th the concentration of sulfur; and, for any initial concen¬ 
tration, the rate of combination remains constant until most of the 
sulfur is consumed. The latter statement holds true CA-en though an 
initial concentration below the limit of solubility at vulcanizing tem¬ 
peratures is present. 

A constant rate of combination of sulfur would appear to indicate 
that dependent consecutiA'e reactions are invoh^ed. Attempts have been 
made to show that the reaction rate is controlled by an initial activation 
step whether it be of the rubber or of the sulfur, ^ordlander believes 
that the constant rate is due to the adsorption of sulfur, the adsorbed 
layer consisting of an equilibrium mixture of acti\"e and inactive sulfur. 
Xo theorA’ based on such a mechanism has yet successftilly explained 
the difference in rate Avhich results from A^rA-ing the initial concentra¬ 


tion of sulfur. 

An active form of sulfur has been suggested by several investigators 
based on the fact that sulfur exists in several modifications. One group 
belieA'es thiozone. Avhich reacts with double bonds in the same manner 
as ozone, to be the actiA'e component. In support of this belief, a form 
of sulfur has been isolated AA’hich brings about the vulcanization of 
rubber at ordinarA' temperatures. In addition, a number of theories 
regarding the action of organic accelerators have been proposed, all of 
which are based on the formation of an actiA^e type of sulfur. The ex¬ 
istence of active forms of sulfur is unquestioned, but their occurrence 
and participation in the reaction do not account for the important fart 
that there is no relation between the proportion of combined sulfur and 

the degree of vulcanization. 
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It appears that the combination of sulfur with rubber cannot be the 
direct cause of vulcanization. It has been shown by a number of 
workers that no relationship exists between the percentage of com¬ 
bined sulfur and the physical properties of the rubber. Here the im¬ 
portance of accelerators is most readily seen. In fact, modern com¬ 
pounding practice recognizes that the proportion of sulfur required to 
obtain a compound of certain properties depends entirely on the type 
of accelerator employed. 

The absence of relationship between the proportion of combined sul¬ 
fur and the physical properties of rubber suggests that several types of 
combination are involved. The most common theory of vulcanization 
assumes that sulfur adds to the double bonds of rubber. Considerable 
evidence exists for this assumption. TheoreticaIl 3 % 32 per cent of sul¬ 
fur calculated on the basis of one double bond for each atomic equiva¬ 
lent of combined sulfur should produce saturation of the double bonds 
of rubber. A number of experiments have shown the actual combined 
sulfur in samples treated with an excess of sulfur to approximate this 
value closely. Also it has been shown that the absorption of bromine 
by rubber decreases directly in proportion to the percentage of com¬ 
bined sulfur in the rubber. In other experiments, the percentage of 
combined sulfur has been raised above 32 per cent, but in the reaction 
substitution occurs and hydrogen sulfide is liberated. It is possible that 
some substitution may take place at earlier stages of vulcanization. 
That the double bonds of rubber play some part in its vulcanization is 
also indicated by the fact that completely hydrogenated rubber cannot 
be vulcanized. 

Many types of chemical combination have been proposed, but none 
is supported by extensive experimental work. Since less than 1 per 
cent of sulfur will produce a strong rubber, it has been suggested that 
two double bonds in two different aggregates of rubber are saturated 
by the addition of two atoms of sulfur and form a six-membered ring 
joining the two aggregates. Only a few such bonds would produce 
a very great effect on the plastic properties of the rubber. Since sulfur 
chloride reacts with simple olefins, uniting two molecules with a sulfur 
bridge, it has been suggested by many authors that the formation of 
sulfur bridges is involved in the vulcanization of rubber. The follow¬ 
ing equations illustrate the types of structure proposed: 

CH2=CH2 Cl—CHa—CH2 

-h S 2 CI 2 —> S -|- S 

CH 2 =CH 2 Cl—CH 2 —CHz 
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The existence of thioether linkages in the \Tjlcanizate has never been 
demonstrated conclusively. 

The suggestion has been made that two t \^5 of unsaturation exist 
in the rubber molecule: terminal double bonds and internal double 
bonds. Combination of sulfur with the former gives soft rubber, and 
this reaction is thought to occur before reaction vnth the internal double 
bonds takes place to any great extent. Combination of sulfur with the 
internal double bonds produces hard rubber or ebonite. This theory is 
based on the heat of combustion, which indicates that 6 per cent of 
sulfur combines with rubber without producing a measurable energy* 
change, after which the combination becomes exothermic. In this con¬ 
nection it should be mentioned that a tliiophene linkage has been pro¬ 
posed for ebonite, from the t}-pes of thiophenes found in the products 
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CH3 


CH3 


CH2C-CH—CH2—CH2—C-CH—CH2 


of the destructive distillation of ebonite. 

The belief that polymerization of the unsaturated hydrocarbon of 
rubber is involved in vulcanization is held by many investigators. Rela¬ 
tively slight polymerization, whether intramolecular or intermolecular, 
might produce a great effect on the relative mobility of the two mole¬ 
cules and thus cause a considerable increase in the resistance to plastic 
flow. The production of several types of synthetic rubber suggests such 
a reaction. Isoprene polymerized under high pressures gives a material 
resembling overvulcanized rubber. Similarly, in the polymerization of 
chloroprene at ordinary pressures, a product is isolated at an early stage 
which can be converted to a vulcanized state by heating without the 
addition of any special agent. There is no evidence, however, that the 
latter reaction can be classed as polymerization. 

Polymerization would involve the loss of some unsaturation. Pres¬ 
ent anal 3 rtical methods do not permit the measurement of the small loss 
necessary to give a significant amount of polymerization. Iodine ab¬ 
sorption has been used to show that no decrease in unsaturation occurs 
which is not directly accounted for by the percentage of combined 
sulfur. Since polymerization should also entail a decrease in volume, 
considerable work has been done on the vulcanization of rubber under 
high pressures. No change in volume or in properties was detected, 
however, even when the rubber was swollen with isoprene. It is evi¬ 
dent, however, that even an amount of polymerization beyond analytical 
measurement would be sufficient to affect greatlv the plastic properties 
of rubber if it involved setting up links between long-chain molecules. 
Considering all available evidence, it must be concluded that if polv- 

menzation takes place during vulcanization it is to only a very limited 
extent. ^ 

The formation of polar groups in the rubber molecule or micelle 
which would assist in the colloidal changes accompanying vulcanization 
has been suggested as a factor. In this case, however, sulfur cannot be 
considered to be the primary cause of vulcanization because of the 
vanable quantity required in different cases to produce given properties 
Likewise, the effect of accelerators in such a mechanism is not entirely 
clear. Support is given to the polar group concept since Grignard 
reagents produce a vulcanized rubber which probably contains polar 

crr/\%^r\^ ^ * 
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Another theory which has gained considerable acceptance is the so- 
called hydrogen sulfide theory. According to this view, hydrogen sul¬ 
fide formed from sulfur and rubber or non-rubber components of the 
mix adds to the double bonds of rubber hydrocarbon to form a mer¬ 
captan. The rubber mercaptan is then oxidized by sulfur to a disulfide, 
with the liberation of hydrogen sulfide. If the mercaptan groups which 
are oxidized are in the same molecule, two portions of that molecule 
will be joined; if they are in different molecules, a bridge will be 
formed. The hvdrogen sulfide generated may react with another double 
bond to continue the reaction. The function of sulfur may be to cata¬ 
lyze the addition of hydrogen sulfide to the double bonds while accel¬ 
erators may have a similar effect or may give hydrogen sulfide by reac¬ 
tion with sulfur. If the reaction is a chain reaction, only a small 
amount of hvdrogen sulfide would remain at its completion. The fol¬ 
lowing equations illustrate the theory. 
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In accord with the theory a loss of one double bond for each atomic 
equivalent of sulfur chemically combined is found. Hydrogen sulfide 

.L^ore, vulcaLauon proceeds more rapidly and a greater propo« n 
Of combined sulfur is obtained when vulcanization is earned out 
hydrogen sulfide than in air. The addition of Mrogen sulfije^t 

double bonds has been observed in a number of reactio . > 

nroce<.s of vulcanization in which hydrogen sulfide and sulfur diox d 
Le u'Sd 1 easily explained by the theory. The sulfur required tor the 
oxidation of mercaptyl groups is supplied by the interac 10 


two eases. 
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On the other hand, no experimental proof exists for a disulfide 
theory, and no addition product of rubber and hydrogen sulfide has 
ever been isolated. Furthermore, if sulfur is used, hydrogen for the 
formation of hydrogen sulfide must be obtained either from the rubber 
hydrocarbon, in which case the hydrogen content of the vulcanizate 
will be the same as when it is assumed that only elemental sulfur is 
added, or from non-rubber constituents. In the latter case extra hv- 
drogen atoms will be present in the vulcanizate and should be detect¬ 
able in hard rubber where the proportionate number is great. Xo ana¬ 
lytical experiments have as yet indicated the presence of extra hydrogen 
atoms. 

An interesting though indirect approach to the mechanism of the vul¬ 
canization reaction has been made by Garvey and his co-workers (2). 
According to the classical theory of vulcanization, the long chains of 
isopentene groups held together by primary valence bonds are at vari¬ 
ous points bound together by sulfur bridges: 


C 


C 


c 



c 


C—€—C—C—C—C—C==C—C 



c—c 



f 

c 


According to this representation, an actual chemical cross-link is set up 
ivhich represents a fixed point. Under the influence of thermal agita- 
fion or of stress two chains are free to shift over most of their length 
except at these points of fixation. The approach of these investigators 
A as to establish chemical cross bonds by a chemical reaction and to see 
f “vulcanized” products resulted. Both condensation and addition or 
dnyl-type polymerization reactions were tried. As an example of a 
ondensation t 3 'pe of polymer, polyethylene tartrate was prepared by 
ster interchange between diethyl tartrate and ethylene glycol. It wa^ 
ound to be a glassy resin which melted to a viscous liquid at elevated 
emperatures. To effect vulcanization, polyethylene tartrate was heated 
nth sucamc acid. In this manner a chain of atoms rather than a single 
ulfur atom was used to secure bonding between parallel long-chain 
lolecules. At this point unhindered slipping of the two parallel chains 
J prevented by the cross-linking group in the same sort of fixation which 
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•‘Vulcanized*’ polyethylene tartrate 

The so-called vulcanized material was largely insoluble in acetone 
and benzene. W hereas the polyethylene tartrate was thermoplastic, 
the vulcanized product was thermoelastic. To illustrate vinyl-t}T)e poly¬ 
merization, polyethylene itaconate was prepared by esterification of 
equal molar proportions of ethylene glycol and itaconic acid. The ester 
was a viscous syrup which did not pol 3 ’merize readily in bulk, even in 
the presence of benzoyl peroxide. In a thin film, however, polymeri¬ 
zation occurred with the formation of a tough, insoluble, abrasion- 
resistant varnish. The following equation illustrates the probable 

change: 

—0CH0CH000CCCH2C00CH2CH2O— 
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Hence thermoplasticity and solubility can be eliminated by means of 
chemical cross bonds. 

From the foregoing discussion it may be seen that no single theor}- 
of vulcanization has been advanced which explains satisfactorily the 
progressive physical changes which occur during the vulcanization proc¬ 
esses. including the overcures. Cross bonds between rubber molecules 
to form a three-dimensional network presumably account for the ob- 
ser\xd changes in physical properties. Direct C—C bonds, C—S—C or 
C—O—C bridges, secondar}” valence forces around C=S or C =0 
bonds, mechanical interlocking or association of the hydrocarbon groups 
have all been proposed. The follomng t}"pes of reactions which are 
known to occur with various unsaturated compounds have all been 
suggested: 

CH C—CH3 

'' +1! 

CH3—C CH 

1 I 

s CH —C—CH3 

^ CH3—c ch¬ 

in / 
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HC—C— CH3 
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S>Cl2 H3C—C—C! Cl—c—CH3 

^ j , + s 

HC-S-CH 


[7] 


Equation [4] represents the classical theory of vulcanization to which 
reference will be made in the following pages. 


POLYCHLOROPRENE 


The development of polychloroprene, unlike that of a number of 
other s>Tithetic resins, is characterized by welEplanned research. It is 
further characterized as a purely domestic development, although simi¬ 
lar material is now marketed in Russia (Sovprene) and in Japan 
(Mustone). 

Xieuwland and his co-workers (3) in 1931 announced the pohnneri- 
zation of acetylene to vinylacetylene. At the same time Carothers and 
his associates (1) announced the successful conversion of \’inylacety- 
lene to 2-chlorobutadiene and poh-merization of the latter compound to 
a rubber-like material. Since these disclosures, polychloroprene has 
been developed to a highly useful commercial product. Latest figures 
indicate that in 1942 annual production of polychloroprene reached 

about 19,(XX) tons. 

The starting material for the preparation of polychloroprene is aceri'- 
lene. If acetylene is treated with cuprous chloride, dimerization to 
tynylacetylene occurs. Some divinylacetylene is formed as a by-product 
in this reaction and represents a contaminant for which no practical 


2 HCsCH H 2 C=CH-C=CH 

outlet has been devised. By careful fractionation, this impunty is re¬ 
moved. By passing the acetylene through the cuprous chloride solution 
rapidlv. the amount of divinylacetylene formed is minimized. The 
purified vinylacetylene is then treated with hydrogen chloride m the 
presence of both cuprous chloride and ammonium chloride to give an 
unstable isomer of chloroprene by 1,4-addition. 


CH 


C^H 


CuCl 
NH4CI 


CICH 



Since this chloride is of the allyl chloride ri^e. 1,3 rearrangement to 
"Xolutadiene unde, .he cataljuic action of hydtochlonc acd^^ 

^^ta'adiene .o 2 -chlo.ob„.adie„e is comple.., and .he lane, .s fonned 
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directly. In any case, 4-chlorobutadiene is never isolated as a product 
of the reaction without containing 2-chlorobutadiene. 

The preparation of 2-chlorobutadiene is described in the original ar¬ 
ticle by Carothers, Williams, Collins, and Kirby (1) as follows: 50 
grams of vinylacetylene is confined in a pressure bottle with a mixture 
of 25 grams of cuprous chloride and 10 grams of ammonium chloride 
dissolved in 175 cubic centimeters of concentrated hydrochloric acid. 
The mixture is shaken for 4 hours at room temperature. The upper 
oily layer which contains the 2-chlorobutadiene is separated from the 
lower aQueous layer in a separatory funnel. Based on the amount of 
vinylacetylene consumed in the reaction, a yield of 90 per cent of 
2-chlorobutadiene is obtained as a water-white volatile oil boiling at 
59.4 C. Any of the undesired 4-chlorobutadiene which may be formed 
can be removed by fractionation since it boils at 88.1° C. 

The structure of 2-chlorobutadiene has been carefully worked out by 
several methods. Carothers (1) proposed the following series of reac¬ 
tions to elucidate the structure of the monomeric compound i 




HaC—COOH 
H(!:—COOH 

I 

HC—COOH 

I 

HiC—COOH 


Butane tetracarboxylic acid is readily characterized as such. The loss 
of chlorine during the oxidation with nitric add, with the formation of 
^tMe tetracarboxylic add, is evidence for the location of the double 
bond m the addition compound. In place of maleic anhydride 1 4- 
naphthoqumone may be used, in which case 2-chlorotetrahydroailthra- 
qumone is obtained, which is readily oxidized to 2-chloroanthraquinone 


Polymerization of Chloroprene 

polymers of chloroprene 
^y be ^tamed. All teve been prepared and their properties deter- 

If the polymerization of chloroprene is allowed to proceed spontane- 
Serld t ^ ^ ^ lesse? tLTri 

f ^ “ glass, the «-polymer is 

rmed. The ^lymer is isolated dther by distillation of Ae^cess 

^oropr^e or by coagulation of the polymer in alcohol. The forma¬ 
tion of tbs material occurs when only about 30 per cent of the chlom- 
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prene has reacted. In properties, the a-polymer resembles milled 
smoked sheet and can be calendered or extruded on ordinar}- rubber 
machinery It is soluble in benzene. 

\\’hen substantially more than 30 per cent of the chloroprene under¬ 
goes polymerization by allowing it to stand for 10 days in the presence 
of oxygen at room temperature, the /i-polymer is formed. The prop¬ 
erties of the ^-polymer correspond to those of \'ulcanized rubber, as 
shown bv its density of about 1.23. refractive index of 1.55, tensile 
strength of 2.000 pounds per square inch, elongation of 800 per cent, 
swelling but not dissoh-ing in solvents and non-thermoplasticiU'. The 
/i-polvmer may also be obtained by heating the a-pohTner for 48 hours 
at 30*" C or for 5 minutes at 130° C. A change corresponding to vu\- 
canization thus occurs without the addition of sulfur or other A-ulcaniz- 


ing agent. 

Two other poh-mers of chloroprene may be obtained, depending on 
conditions. If chloroprene is heated to 60° C in the absence of air or 
in the presence of. inhibitors such as p}Togallol or trinitrobenzene, a 
mixture of poh-mers is obtained, which however contains a consider¬ 
able amount of the ^-pol}Tner. Unlike either the 2 - or /i-poh-mers. the 
^-poh-mer has no rubber-like properties, but instead is a terpene-like 
oil. It appears to be a dimer of chloroprene. In the formation of the 
z-poK-mer occasionally some of the (i>-pol\Tner is formed. Its forma¬ 
tion has not been satisfactorily explained but appears to be autocata- 
h-tic. It appears as a granular, hard, non-elastic material somewhat 
like the ‘‘cauliflower'’ poh-mers of isoprene and dimethylbutadiene. 
Another balata-like poh-mer is obtained along with other poh*mers 
when chloroprene is poh*merized in the presence of iodine or tetraal- 


ky-lthiuram disulfides. 

The use of peroxides to poh-merize chloroprene may be hazardous. 
Adequate pro\-ision must be made for the removal of heat. The ev^ 
lution of heat during polymerization may be great enough to char the 
sample. Poh-merization at temperatures above 80° C }uelds hydrogen 
chloride and a dark, tany^ residue. Sodium pol>'merization leads to the 


formation of a hard, granular material. ^ p i_ j* 

W'ith the development of emulsion poh-merization of butadiene co- 

poh-mers. similar methods have been applied to chloroprene. I" 

practically all polvchloroprene produced commeraallv today is made by 

Lulsion'poljmerization. Emulsions are readily formed 

oleate. amino wetting agents, etc., in which chloroprene 

rapidly and completely to a hard polymer. The use of emulsion po > 

merization has Ldc 'possible the production of recent tj-pes of 

chloroprene. which are copolmiers of chloroprene ^^^th other mono- 
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meric substances. During the polymerization some hydrochloric acid is 
formed. In order to prevent the coagulation of the latex in the presence 
of the acid, ammonia is added as a stabilizing agent. The stability of 
the emulsion may be further improved by the inclusion of small amounts 
of phenyl-^-naphthylamine. The />H of the emulsion is approximately 
10. It is interesting to note that the particle size of polychloroprene in 
these emulsions varies from 0.05 to 0.07 /x. whereas rubber particles in 
emulsion vary from 0.5 to 3.0 ft in hevca latex. The polymer obtained 
corresponds to the a-polymer. Coagulation of the latex is usually ef¬ 
fected with acetone or other organic liquid which is easily removed. 

Various homologs of chloroprene have been prepared. lodoprene and 
bromoprene have been prepared, but the polymerization of none of these 
materials has led to a more useful polymer than that of chloroprene. 

Structure of Chloroprene Polymers 
The most plausible structure for the <x- and fi-polymers has been pro¬ 
posed by Carothers. As the first step in the polymerization, union of 
the chloroprene molecules by 1.4-linkages is suggested. Because of the 
polar nature of the chloroprene molecule, 1,4-linking is believed to pre¬ 
dominate over 1,1- and 4,4-linkages. At room temperature a chain of 
considerable length in the final a-polymer is attained, to which the fol¬ 
lowing skeleton formula is assigned: 

Cl Cl Cl 

I 1 I 

—c—c=c—c—c—c=c—c—c—c=c—c— 

Upon standing at room temperature for some time or upon heating, 
cross-linkages are formed between chains. The following formula is 
proposed as that of a section of the fi-polymer in which A represents 
the chloroprene unit: 

—A—A—A—A—A—A-A—A— 

—A—A—A—A—A—A—A—A— 

I 1 

—A—A—A—A—A—A—A—A— 

rhe a-chain may be of different lengths, producing ^-polymers of dif¬ 
ferent chemical size and with slightly diflferent properties. Densities 
and refractive indices of both are practically identical. 

Evidence for the predominance of 1,4-linkages in the polymers of 
chloroprene has been obtained in X-ray diffraction studies (p. 178), 
Combination in this manner would lead to the formation of long chains 
in which the chlorine atoms are spaced at regular intervals. If 1,1- or 
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4.4-linkages occurred to any appreciable extent, cross-linkages would 
result, with consequent shortening of the chains. The ability of crys¬ 
talline areas to form upon stretching would be materially reduced, and 
X-ray diffraction patterns should reveal an amorphous structure such 
as is found in butadiene copolymers. Since polychloroprene gives an 
X-ray diffraction pattern having clear and intense spots, the possibilitv 
of extensive cross-linking in either the a- or /x-polymer is largely 
excluded. ( Cf. Figs. 5 and 6 on page 178.) 


Manufacture of Polychloroprene 

The polymerization of chloroprene proceeds much more rapidly than 


that of butadiene or any of its derivatives, with but one or two unim¬ 
portant exceptions. Commercial varieties of polychloroprene. whether 
produced in an emulsion or in the undiluted state, correspond to the 
2 -polvmer. The latter is easily worked and corresponds to unvulcan¬ 
ized rubber. After coagulation and dr^-ing. a small amount of a sta¬ 
bilizing material, such as phenyl-/3-naphthvlamine, is added to prevent 
further polvmerizaiion of the ^-polymer upon storing. To aid in the 
milling properties of polychloroprene, softeners are added. The most 
-uitable plasticizers are the diesters from aliphatic alcohols and aliphatic 
or aromatic dil)asic acids as well as the much cheaper coal-tar and pe¬ 
troleum-derived process oils. The esters in most common use are the 
hutvl esters, which have sufficiently high boiling points to prevent loss 
on the mill and do not cause porosity in the vulcanizate. The use of 
softeners is particularly important in the preparation of freeze-resistant 

p<dychloroimene. 

Earlier forms of pohxhloroprene were found to increase little if at 
all in plasticity under prolonged milling. For this reason considerable 
difficulty was experienced in processing the material. Xow. however, a 
type of j^olvchloroprene prepared in emulsion under carefully controlled 
conditions is produced which resembles natural rubber in that it can be 
broken down into a plastic state by milling. In the production of this 
t}'pe of p<tlvchli.')roprene. a continuous process is used with close tem¬ 
perature control. The polymer is removed from the emulsion by coagu¬ 
lation on a rotating chilled drum. The film which forms is continuously 
^hea^ed off in the form of a belt, washed with water or other liquid, and 


])asscd through a drving oven. The material is brought to the proper 
degree of plasticitv bv milling, preferably under water or with chemical 
]>ki^ucizers, or both. The best method of plasticizing is indicated by 

the manufacturer for each type of polychloroprene. 

Several chemicals have been found to accelerate the breakdown ot 
the emulsi'Mi-furmed polychloroprene. The most effective compounds 



POLYCHLOROPRENE 


197 


are those which have a definitely alkaline reaction, and the most effec¬ 
tive of these have an ionization constant greater than 1 X lO”®- 
nesium oxide, ammonium hydroxide, and sodium hydroxide render the 
polychloroprene more plastic although the latter may affect the stability 
of the material adversel 3 \ Weak organic bases, such as the guanidines, 
are also recommended. Material which has been softened by milling 
under water or with chemical agents can be kept for weeks or months 
at room temperature before it reverts to a less plastic state. 

The application of heat to the a-polymer brings about a permanent 
change to the /^-polymer. The process involves changes in physical 
properties comparable to those obtained in the vulcanization of rubber. 
No vulcanization agent is necessary, although in commercial practice 
compounding ingredients are used which function in that manner. 
They are usually metallic oxides, such as magnesium oxide, zinc oxide, 
and litharge. Sulfur when used acts as an accelerator. Organic ac¬ 
celerators as a rule exert no effect, although catechol has been found to 
give some accelerating action. Some accelerators, such as benzothiazyl 
disulfide, produce a retarding effect on the cure. 

The properties of the vulcanizate can be modified over a wide range 
by the proper selection of modifying agents. Various amines, including 
hexamethylenetetramine, di-o-tolylguanidine, and butyraldehyde-mono- 
butylamine condensate, when used to the amount of 1 per cent of the 
weight of the polychlorporene, increase the modulus with a consequent 
decrease in the elongation at break. The ultimate tensile strength is 
affected but little. Tear resistance in a stock loaded with carbon black 
is improved on the short cures, but the range of cure is decreased. 
Heat build-up on flexing is lowest on vulcanizates containing hexa¬ 
methylenetetramine. Catechol and ^-naphthoquinone have the same 
general effect, but more of these compounds is required to produce a 

comparable effect. Alercaptans retard the cure but improve the resist¬ 
ance to tear. 

A marked decrease in heat build-up is obtained by using sulfur in 
combination with hexamethylenetetramine or catechol. A vulcanizate 
containing 3 per cent of sulfur and 0.25 per cent of catechol has a better 
resistance to tear and a higher modulus than vulcanizates containing 
the same amount of either modifying agent alone. The heat build-up 
m such a stock is comparable to that of rubber of similar loading. An 
:ven lower heat build-up is obtained in a vulcanizate in which 0.5 per 
:ent hexamethylenetetramine replaces the catechol, but the tear resist- 
ince is reduced markedly, particularly in the long cures. 

Although carbon black increases the tensile strength of natural rub¬ 
ier a great deal, it has no effect on polychloroprene vulcanizates except 
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to increase their stiffness. The resistance of reinforced rubber vul- 
canizates to swelling in solvents is increased probably because of the 
increased modulus of the compound. On the other hand, the swelling 
of pol\*chloroprene vulcanizates, particularly in petroleum-derived sol- 
\ents, is a function only of the dilution of the polychloroprene, regard¬ 
less of the reinforcing or non-reinforcing nature of the pigment. Also 
polychloroprene vulcanizates swell to a lesser extent when vulcanized 
at higher temperatures than at lower temperatures to an equivalent cure 
as gauged by modulus. In general, the resistance of polychloroprene 
vulcanizates to the swelling action of solvents is somewhat less than 
that of the polysulfide and butadiene-acrA’lonitrile rubbers but better 
than butadiene-styrene rubber. 

All the commercial polychloroprenes are similar to natural rubber in 
many properties but are greatly superior in resistance to sunlight, at¬ 
mospheric ox 3 'gen and ozone, heat, flame, oils, and solvents. Several 
types of polychloroprene are available, all of which have the same 
general properties but differ from each other in other respects. The 
specific gravity of all varieties except one, which is designed for low 
temperature usage (specific gravity 1.15), is about 1.25. 

Two of the earh' types offered which have now been largely dis¬ 
placed by later txpes were produced by the polymerization of undiluted 
chloroprene. The}'’ differed only in the ty’pe of chemical used to render 
them more stable. Phenyl-^-naphthylamine was used as a stabilizer in 
the first type. It, however, caused the stock to darken and discolor on 
curing. It was found to be particularly disadvantageous in uses such 
as gasoline hose, where extensive discoloration of the gasoline compli¬ 
cated the use of colors to differentiate between grades of gasoline. For 
special uses in which absence of coloration of conducted fluids was re¬ 
quired, the second type of polychloroprene was developed. Both pos¬ 
sess a characteristic odor and cure in 40 minutes at 307° F, which is 
somewhat long for polychloroprene vulcanization. Both are plasticized 
when obtained from the manufacturer. The use of both has been 
largely superseded by the new emulsion-formed polychloroprene. 

Three relatively new emulsion-formed types of polychloroprene ac¬ 
count for the bulk of this rubber-like material marketed. They are all 
faster curing (15 minutes at 307° F) than the older types of polychlo¬ 
roprene, and in addition they have the advantage of being practically 
odorless. The general-purpose polychloroprene which is produced m 
greatest amount is plasticized by cold-milling or by milling a shorter 
time with a small quantity of chemical plasticizer. It contains no dis¬ 
coloring stabilizers, has better tensile strength and resilience than the 
older tyqies, and is not subject to the same degree of hardening at tern- 
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peratures around 32° F. The second type is identical with the one just 
described except that it has been preplasticized by milling with 1 per 
cent of diorthotolylguanidine. Since it has no particular advantage it 
is being largely replaced by the first type described. The third type is 
the same except that it has been preplasticized by milling under water. 

The remaining commercial types are designed to fit specific purposes 

and have no general relationship to each other. A copol}Tner of chloro- 

prene possessing greater oil resistance and retention of properties 

during and after immersion in oils and other solvents has been made 

available. It is relatively slow curing (40 minutes at 307° F) and is 

preplasticized. Its oil resistance lies between that of ordinary poly- 

chloroprene and the highly resistant butadiene-acrylonitrile copolymers. 

A new type for low-temperature applications is also marketed. The 

vulcanizates of this form may be used at temperatures as low as 

—60° F, and they possess higher resilience and lower compression set 

and water absorption than any other type of polychloroprene. It is 

not suitable, however, for very lightly loaded compounds because of 

its low tensile and tear strength. Still another type is designed for use 

in adhesive cements. It is characterized by a durometer hardness of 

over 75 as compared with similar values of 30 to 40 for other types of 

polychloroprene. In spite of this fact, it is easily broken down on the 

mill and may be accelerated to cure in two or three days even at room 

temperatures. Another polychloroprene suitable for special plastic 

compositions and heavil}' loaded compounds, which are nevertheless 

soft and pliable, has been made available. It softens to a plastic, stickv 

consistency with very little milling and is best handled in an internal 

mixer. Its vulcanizates, however, have practically the same hardness 

and tensile strength as similarly compounded polychloroprenes of the 

ordinary type. Self-curing compounds which cure in two or three davs 

at room temperature are obtainable by the addition of the proper ac¬ 
celerators. 

Polychloroprene latex is marketed in four forms, depending on the 
use to which the material is to be put. They may be substituted for 
natural rubber latex where a vulcanizate possessing the excellent oil. 
heat, sunlight, flame, and age resistance of polychloroprene is desired. 
Latices of varying concentrations can be obtained, ranging in general 
from 50 to 60 per cent solids content. 

Uses of Polychloroprene 

Polychloroprene was developed not as a replacement for natural 
rubber but as a material which has not only elasticity, resilience, 
strength, and resistance to abrasion characteristic of natural rubber 
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hut resistance to oxygen, sunlight, heat, aging, oils, and chemicals as 
well. Because of these special properties, polychloroprene has found 
wide usage despite its higher cost and higher density. It is a carefully 
allocated material which is in regular use in nearly every industry. 

Flexible tubes and hoses comprise a large outlet for polychloroprene. 
Large hoses used in pumping crude oil from dock to tanker are made 
of polychloroprene, and finished products from petroleum are handled 
bv means of polychloroprene conduits. Storage tanks for petroleum 
products and chemicals are frequently lined \vith polychloroprene so 
prepared that it has good adhesion to metal. 

Electrical insulation, such as on flexible wires and cables, is formed 
of polychloroprene where contact with oils is unavoidable. Similarly, 
belting which comes in contact with oil can be made of polychloro¬ 
prene. Molded goods, such as flashlight cases and sockets for electrical 
connections, shoe soles, and gloves are made of polychloroprene, when 
resistance to oil is required. 

An important application of polychloroprene has been made in print¬ 
ing and industrial rollers where solvents soon cause the breakdown of 
most resilient materials. In many places packings and gaskets of poly¬ 
chloroprene which stand up for long periods of service ha\e replaced 
fibrous materials lacking resilience. Abrasive wheels made with poly¬ 
chloroprene may be lubricated with oil without causing deterioration. 
Lower temperatures in the abraded material are thus possible. 

Production of polychloroprene-treated fabrics has reached sizable 
proportions. These fabrics are used extensively in making water-re¬ 
sistant clothing for militart- and civilian use. Such fabrics are ex¬ 
tremely impervious to water and in addition resist well the deteriorating 

effects of sunlight and oxygen. 

Polychloroprene has been used in industrial truck tires and pneu¬ 
matic tires for special purposes. Up to the present time it has not been 
used extensivelv for such applications because of other widespread de¬ 
mands. Urgent military uses today consume practically the total pro¬ 
duction for gasoline tank linings, cable coverings, and a large number 
of aircraft parts. The post-war development of this material should 
establish it as one of the most versatile of resinous matenals. 


BUTADIENE RUBBERS 

In 1860 Williams pyrolyzed rubber and obtained a water-white mo¬ 
bile liquid with the same empirical formula as rubber which he called 
••Fnnrene.” Bouchardat, in 1875.-polymerized isoprene to a rubber} 
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mass, and for the first time the relation of isoprene to rubber was recog¬ 
nized. Since that time the list of materials which may be polymerized 
to rubber-like products has been greatly expanded. Kondakoff, in 1900. 
and Thiele, in 1901, announced that homologs of isoprene, namely, 
1,3-pentadiene and 2,3-dimethylbutadiene, were converted under suit¬ 
able conditions to rubber-like materials. 

In the early efforts to produce a commercial synthetic rubber, buta¬ 
diene did not figure prominently, presumably because it is a gas at 
ordinary temperatures and pressures. It was not until 1910 that Lebe- 
deff, a Russian chemist, discovered that butadiene could be converted 
to a rubber-like product. Since that time the polymers and copolymers 
of butadiene have become the most important of the synthetic rubbers 
from the standpoint of volume produced. 

Except for recent years, the greatest progress in the search for a syn¬ 
thetic rubber was made in the decade preceding the first World War. 
Prominent groups of chemists in England, Germany, and Russia com¬ 
peted with each other, their efforts being largely directed toward the 
preparation of the necessary dienes from cheap and readily available 
raw materials. In addition to the evolution of workable processes for 
the production of isoprene and several of its homologs, two notable 
contributions were made as a result of this work. From the English 
group in collaboration with August Fernbach of the Pasteur Institute 
came a process for the fermentation of starch to acetone and a series 
of higher alcohols and from the German group the discovery of organic 
accelerators of vulcanization, independently of the discover}^ of these 
compounds in the United States. At about this time Ostrosmislenski 
and Lebedeff showed that the polymerization rate of dienes and the 
nature of the rubbers obtained depend profoundly upon the degree of 
substitution in the diene molecule. They thus pioneered in the prin¬ 
ciple, recently confirmed by Whitby and Gallay, that the presence of 
unsubstituted terminal methylene groups is a requisite for satisfactory 
polymerization; hence, butadiene, the lowest homolog, has been adopted 
almost to the exclusion of all other dienes for the preparation of syn¬ 
thetic rubbers of this type. 

The beginning of the last war found the Germans eagerly exploiting 
their earlier researches in synthetic rubber because of the natural rub¬ 
ber blockade. During the emergency, however, interest in butadiene as 
a commercially important intermediate waned principally because of 
the lack of suitable high-pressure equipment. It appears also that 
methyl rubber was regarded as a more practical substitute for natural 
rubber, and several thousand tons of this material were produced. 
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Significant developments were made in the prewar period in the 
methods of polymerizing dienes to rubber-like products. Independent!}’ 
and practically simultaneously, Matthews and Harries discovered in 
1910 that metallic sodium catalyzed butadiene poK-merization. The 
polymerization of butadiene at temperatures of 150-200° C was also 
discoA'cred. but the value of this method was reduced since consider¬ 
able amounts of oily dimeric by-products were produced in the process. 
Certain acids, organometallic compounds, peroxides, colloidal metals, 
and ferments Avere also found to promote pohmierization with varying 
degrees of success. 

After the war interest in S 3 Tithetic rubbers again lapsed. \Mien the 
Stevenson restriction scheme was put into effect in 1925 and natural 
rubber prices rose, interest in synthetic rubbers increased apace. Soon, 
however, increased production from the Dutch plantations caused a 
lowering of the price of natural rubber, and again interest in s>mthetic 
rubl>er-like materials lagged. In Germany and Russia, however, the 
desire for self-sutficiencv in basic commodities prompted a continuation 

m 

of the effort to put synthetic rubber on a firm commercial basis. Con¬ 
currently, the discovery of oil-resistant s\*nthetic materials, such as 
pt:>lvchloroprene and the polysulfide rubbers in the United States, stimu¬ 
lated interest in the butadiene-derived types as well. Isoprene and 
dimethylbutadiene rubber were abandoned in favor of the butadiene- 
derived tvpes. Soon improvements were made in the methods of pro¬ 
ducing butadiene from acetylene in Germany and from ethyl alcohol in 
Russia, and the way was paved for the remarkable developments of the 


next few years. 

Tlie last decade, finally, has witnessed the greatest strides in buta- 
tliene-derived rubber production, both in the search for raw materials 
and in the development of methods of converting the materials into 
commercial ruhlier. In Germany, acetylene from carbide continues to 
K- the key material; in Russia ethyl alcohol is the principal basic ma- 
tcri.al, with petroleum supplying some of the butadiene; in the United 
States petroleum products and alcohol from gram are the basic raw 

materials tor the production of butadiene. 

The outstanding improvements in butadiene-derived rubbers during 

recent vears are due chiefl>- to the development of emulsion po\ymeri- 

zation The use of sodium pol\Tnerization. which had its inception 

lx-fore the last war. is virtually at an end today, except m Russia. 

Mthou.di the emplovment of emulsion polvmienzation methods in 

hmadicrnc-denved ^uhl.rs was not entirely successful until the advent 

,.f copolvmerizatKni. these methods were revolutionar>' m that they 

attorded' lower reaction temperatures with consequent better control 
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and shorter reaction periods leading to greater uniformity of end- 
product than could be hoped for by sodium polymerization. 

Another significant development which came about through emulsion 
pol}'meri 2 ation is copolymerization of butadiene with other compounds 
possessing a reactive double bond. Materials having uniform rubber- 
like properties are obtained which in addition have special properties 
such as resistance to solvents and aging, in which natural rubber is 
decidedly deficient. With the exception of small amounts of butadiene 
polymer produced in Germany and Russia, all butadiene-derived types 
are now copolymers. As copolymerizing compounds, styrene and 
acrylonitrile are most important. 


Preparation of Starting Materials for Butadiene-Derived Rubbers 

In the preparation of butadiene four major raw materials are avail¬ 
able which by various processes can be made to yield butadiene. They 
are benzene from coal tar, alcohols from fermentation of agricultural 
products, acetylene from calcium carbide, and low-boiling hydrocarbons 
from petroleum. Although many of the methods have today only his¬ 
torical significance, all will be presented. Rapidly changing world 
conditions may bring any of them into prominence again. 

An early process which was developed in Germany prior to the first 
World War utilized benzene or phenol from coal tar. The steps in¬ 
volved are indicated by the following equations: 



H2C=CH—CH=CH2 -h H2C=CH2 


For commercially feasible reactions on a large scale, this series is ex¬ 
ceedingly cumbersome. In the present emergency, however, the method 
may be revived, particularly since both butadiene and ethylene are used 
m the formation of butadiene-styrene copohnner, the ethvlene being 
jsed in the preparation of styrene. The chief advantage of the process 

iS that butadiene of high purity is obtained directly, eliminating the 
leed for costly purification. 

Alcohols obtained b}- the fermentation of agricultural products, such 
IS grams and potatoes, are important raw materials for the production 
)f butadiene, especially in Russia and in the United States. In the 
ormer country particular use is made of ethvl alcohol: 
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C.H-.OH 

CjHoOH + CHXHO 


O, 


> CHXHO 
CH,CH—CHjCHjOH 


OH 


H,C 


H—CH 


H, 


Recent repiorts indicate that new methods used in Poland and Russia 
involve a one-step reaction. 


H H 



2 HiO H.. 


2C2H5OH 

Details for the process are at present lackinp. Despite a larpe available 
I>etroleum supply, most butadiene produced in Russia is made from 
alcohol. 

The English methods developed before the first World War have 
been the subject of a gp'eat deal of research. Bund alcohol, obtained 
from starch by the Fembach fermentation process, is converted by 
hydrogen chloride to butvl chloride. Upon chlorination a mixture of 
dichlorobutanes is obtained from which butadiene is produced by 
passage over hot soda-lime. The following reactions illustrate the 


process 


HO 


Cls 


C4H90H 

C4H9C1 


NaOH 

C4HSCI2 -> 


> C4H9CI 


> C4HSCI2 -r HCl 


H2C=CHCH 


H 



2 HC 1 


method similar to the Russian process, which starts with ethyl al¬ 
cohol. utilizes first the aldol reaction to obtain aldol. Upon hydrogena¬ 
tion. aldol is converted to bunlene glycol, which may be catal>tically 
dehydrated to butadiene or converted to dichlorobutane >»-ith hydrogen 
chloride. Dichlorobutane may then be converted to butadiene by re- 
nrtion with hot soda-lime. 


The two processes may be represented by 


the following equations. 


C2H5OH 

2CH3CHO 


O, 


> CH3CHO 


> CH3CHOH 


H2CHO 



CH3CHOHCH2CH2OH 



/ \-VhO, 

^XHCl 

NaOH ^ ^ ^ 

CH3CHCICH2CH2CI -> H2C 


H H 




Ha 
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Recent announcement of the direct production of butylene glycol by 
fermentation of agricultural products has led to a revival of interest 
in these processes. 

Acetylene from calcium carbide has been the principal source of bu¬ 
tadiene in Germany. In spite of high power requirements and seeming 
complexity, the method is still used to supply large amounts of butadi¬ 
ene for Germany's vast synthetic rubber industry. The following equa¬ 
tions represent the steps involved. 

HC^H + H 2 O H 3 C—CHO 

2 CH 3 CHO -> CH 3 CH 2 OHCH 2 CHO 

HjX 

/ H H 

CH 3 CHOHCH 2 CH 2 OH -> H 2 C=C—C=CH 2 

Because of great reserves of petroleum and agricultural products, the 
process is of little importance in the United States, despite the fact that 
large amounts of carbide are manufactured annually. 

In the United States the main source of butadiene has been the bil¬ 
lions of cubic feet of natural and cracked gases from the petroleum 
industr>'. Although in normal cracking operations only 0.50 to 0.75 
per cent of butadiene is obtained, by special methods this amount may 
be raised to 5 to 12 per cent. Several such catalj'tic methods form the 
basis for the large-scale production of butadiene. A large amount of 

butadiene is also produced from 2 -butene, a product of the normal 
cracking operation. 

H H Q Cl Cl 

CH3— C=C—CH 3 —^ CH 3 CHCHCH 3 

CH 3 CHCICHCICH 3 ^ H 2 C=CHCH=CH 2 

Even w-butane can be used in this process by first converting it to 
2 -butene by passage over alumina-chromium oxide mixture; 

HaC-CH^CHaCHs H 3 C-CH=CH-CH 3 + H 2 O 

subsequent dehydrogenation of 2 -butene over the same catalyst at a 
ilightly higher temperature leads to the formation of butadiene: 

CH3CH=CHCH3 H 2 C=CHCH=CH 2 

)n a laboratory scale yields as high as 79 per cent have been obtained 
•y passing 2 -butene over chromium, molybdenum, or vanadium oxide 
'n alumina catalysts at 0.25 atmosphere or lower and at 600-650° C. 
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Another method which utilizes acetylene formed in the cracking op¬ 
erations is based on the formation of vinvlacetelene. Acety lene is bub- 
bled through a solution of cuprous chloride and ammonium chloride, 
giving vinvlacetylene. The latter is subjected to selective hydrogena¬ 
tion to give butadiene. 

2HC=CH ^ H2C=C—C=CH ^ H2C=CHCH=CH2 


Xo pohTners of butadiene alone are marketed in the United States, 
although small amounts are produced and sold for special uses in Ger- 
manv. Instead, as in European countries generally, copohaners of 
butadiene with other diolehns and a variety- of vinyl compounds make 
up the bulk of the butadiene-derived synthetic rubbers produced. By 
far the most important secondary- monomers are st\Tene and acrylo¬ 
nitrile. The former is prepared from benzene and ethylene by a 
Friedel-Crafts reaction, followed by thermal dehydrogenation of the 


ethvlbenzene formed: 




. + H2C=CH2 


.\]CU 


CH 


CH 3 









800-950= C 





It will be noted that the starting materials in the above reactions, ben¬ 
zene and ethylene, are both products of the coal-tar indusm-, which, 
together with chemical manufacturing concerns, supplies the bulk ot 

the stvrene produced in this country. 

Acrs-lonitrile is produced commercially by the following series of re¬ 
actions : 

H 2 C=CH 2 -f HOCl HOCH 2 CH 2 CI -f- XaCX^HOCH 2 CH 2 CN 

H2C=CH 



Bv an alternative process, ethylene cyanhydrin is converted to tfie 
acetate by treatment with acetic anhydride, which when heated gi^es 

acrvlonitnle and acetic acid. 
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o 

/■ 

CH2—CH2CN + H3C—CH2—CH2CN 

I >0 -> I 

OH H3C— C/ O— COCH3 



H2C=CHCN 

Ethylene cyanhydrin may also be prepared by the addition of hydro¬ 
cyanic acid to ethylene oxide: 



+ HCN 


H2C—OH 
H2C—CN 


Methyl methacrylate is used to a lesser extent, particularly in ternary 
polymeric systems. It is prepared according to the following reactions: 


CH 3 \ CHsv /OH CHs 

>C =0 -f HCN ^ >C< -I- CH3OH H2C=C 

CH3/ CH3/ x:n 1 

COOCH3 

Pol5nnerization of Monomers 

Early methods of polymerization contributed little to making butadi¬ 
ene-derived synthetic rubbers commercially available. The first real 
advance was the use of sodium in mass polymerization. The reaction 
was difficult to control, however, took periods of time which were long 
for commercial production, and frequently led to great variations from 
batch to batch. Not infrequently also batches which were hard to plas¬ 
ticize and vulcanize were obtained. 

Gradually, however, the use of sodium was developed, with the result 

that even today large-scale production by this method is obtained in 

Russia and to a lesser extent in Germany. As originally practiced, 

metallic sodium in the form of a wire was employed. Subsequently, 

considerable work was done on the use of the metal in various forms, 

such as a powder, small spheres, and films. The use of regulators and 

diluents—^acrylic, cyclic and unsaturated ethers, acetals, hydroaromatic 

and aliphatic ketones, unsaturated aldehydes, various esters, low-boiling 

hydrocarbons, ammonia, and amines—aided in bringing the process to 
a high state of efficiency. 

^ An example of the Russian method is the following. Impure buta¬ 
diene (containing at least 75 per cent butadiene) in a batch of 1,700 
liters is reacted in a vessel lined with a paste of clay and glycerol. The 
sodium used as a catalyst is introduced in the form of a coating on 72 
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iron combs. The charge is heated to 30“ C. and the temperature is 
raised 0.5 to 0.8" C per hour for 8 hours. The reaction is exothermic, 
and cooling is necessar}-; the temperature is not allowed to exceed 65^ C 
under a pressure of 8 atmospheres. The reaction is complete after 120 
hours. Considerable variation is found in the properties of the poh-mer 
thus formed which causes difficulties in the proper processing of the 
material. At present only a small amount of butadiene poh-mer pre¬ 
pared bv the sodium polymerization method is produced in Germany, 
and this is converted exclusively to hard rubber. 

The cumbersome sodium polymerization process has given way al¬ 
most entirely to emulsion pohTnerization. The latter process has been 
developed into a continuous flow method which greatly increases pro¬ 
duction capacit}'. Although it is not entirely successful in the prepara¬ 
tion of butadiene poh*mers, emulsion poh-merization has proved to be 
the answer to the problem in copohnnerization. The particular advan¬ 
tages of this process are that lower reaction temperatures with conse¬ 
quent better control may be used, together with shorter reaction periods. 
Greater uniformity of end product than was ever attainable by sodium 

polymerization has been the result. 

Since the introduction of emulsion poUmerization in 1933, many 
improvements have contributed to its almost universal adoption. Buta¬ 
diene and copolynierizing monomers are formed into an aqueous emul¬ 
sion bv the use of wetting agents or soaps. Emulsifj-ing agents which 
mav be used include sodium oleate and stearate, sulfonated fatty acids, 
aryl sulfonic acids, and saponin. In order to stabilize the emulsion, 
small amounts of a protective colloid, such as gum arabic, gelatin, 
casein, starch, dextrin, and albumin, are added. To the stabilized emul¬ 
sion, a pohmerization catalyst is added, together \yith a small amount 
of a modifving agent. The pol>merization catalysts are generally oxi¬ 
dizing agents such as alkali perborates and sulfates, hydrogen pero.^de, 
or organic peroxides or peracids, although finely divided metallic oxides 
and salts of hea\w metals such as manganese, cobalt, nickel, lead, silver, 
and chromium have been used. The modifpng agent seems to have a 
directing effect on the course of the poh-merization, both in favoring 
the formation of linear polymers and in determining the degree of poly¬ 
merization. For this purpose carbon tetrachlonde, hexachloroethane. 
other organic halogen compounds, including chloralkwl c>-anide5, and 
sodium cvanide, appear to be suitable. Alkwl mercaptans, xanthogen 
disulfides' thiuram disulfides, and sulfinic acids may also be 

The emulsified reaction mixture is then warmed to 40-60 C to 
shorten the time required for polymerization. In general, reaction tin^ 
of 10-15 hours are required, depending upon the temperature employed. 



BUTADIEXE RUBBERS 


2(W 

The length of chain developed in the polymer and the extent to which 
cross-linking between chains occurs determine the physical properties of 
the polymer. To a certain extent these variables may l>e controlled by 
the temperature employed, the polymerization catalyst and modifying 
agent used, but most importantly by the purity of the monomers used 
in the process. 

The following formulation is given to illustrate a typical emulsion 
polymerization reaction mixture: 

Butadiene 60- 75 parts 

Styrene or acrylonitrile 25 - 40 parts 
Emulsifying agent 1- 5 parts 

Polymerization catalyst 0.1-1.Opart 
Modifying agent 0.1-1.0 part 

Water 100-300 parts 

The most common copolymer contains about 25 per cent of styrene or 
acrylonitrile although in extremely oil-resistant butadiene-aciydonitrile 
rubbers, the percentage of acrylonitrile may be as high as 40 per cent. 

Emulsion pol}Tnerization is not without its faults, however, for buta¬ 
diene-derived s\Tithetic rubbers so produced are extremely difficult to 
process. Considerable modification of the end product can be obtained 
when other polymerizable bodies, usually the monomers used in the 
preparation of well-known synthetic resins, are added to the reaction 
mixture before polymerization. During polymerization these monomers 
copol 3 rmerize with the butadiene, resulting in rubber-like products with 
improved properties. The production of butadiene-derived synthetic 
rubbers from one or more monomers has grown steadily. In addition 
to styrene and aciy'lonitrile, patents have been issued which disclose the 
addition of methyl methacrylate, ethylene dicarboxylic acids such as 
fumaric acid, isobutylene, and vinylidene chloride to form ternary poly¬ 
meric systems. 

Structure of Butadiene-Derived Rubbers 

When butadiene polymerizes some cross-linking occurs by 1,2- and 

3,4-addition as well as the predominant linear polymerization by 1,4- 

addition. The addition product of 1,4-addition may be represented as 
follows: 

—CH2CH=CHCH2—CH2CH=CHCH2— 

If 1,2-addition were predominant, the addition product would have the 
following formula: 
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If both t}-pes of addition were to occur simultaneously with 1.4-addition 
predominating, the product might be represented by the following; 

H 

—C H >—C H =C H—C H >—C H 2 —C—C H 2 —C H =C H—C H 2 -^ 

1 

HC==CH 2 

The vinvl group remaining in such a molecule could then undergo fur¬ 
ther addition pohmierization. giving as the next step; 

CH-—CH=CH—CH^^CH 2 CH—CHr—CH=CHCH 2 

CH2—CH=CH—CH2—CH—CH2—CH2—CH=CHCH 2 

In some such manner continued reaction, always with 1.4-addition pre¬ 
dominating. would lead to the formation of e~sentiall\ long-chain 
molecules with cross-linking at inter\-als; 

• • -CH2CH=CHCH2—CH-2—CH—CH2CH=CHCHi- • • 


CH;—CH—CH;—CH—CH;—CH;—CH=CHCH; 



—CH-2 

—CH—CH—CH-r-CH 

! 

• • ■ HC—CHf * • • 

In the building up of natural rubber from isoprene. some directing 
influence brings about the formation of long chains without the appre¬ 
ciable occurrence of cross-linking; 


CH. 


CH3 

1 H 

C=C 


CH2 


CH3 

.CH 2 —C=CH—CH2^. 


CH3 

H , H 
C 





Structural differences evident in the formulas of natural rubber and 
butadiene svnthetic rubbers account ver>- well for the minor detiaencito 
of the latter. Poor processing charaaeristics and inferior tack may be 
explained on the basis of inabiliu- of indi^-idual chains to become aligned 
because of the relatively frequent cross-linkages. Superior 
abrasion resistance of the butadiene-derived rubbers may also be ac¬ 
counted for bv the greater compactness brought about by cross-linking. 

Modification of the chain in butadiene-derived rubbers by the mter- 
position of a copol>-merizing molecule leads to consideraW^^on 
in properties. Unsatisfactory- though it is, the mastication of buttdiene- 
stvrene copoh-mers is easier than that of butadiene poly-menzed by 
itself. The resistance to solution by hydrocarbon solvents m parncula 

and organic solvents in general of butadiene 

hanced bv the inclusion of acrylonitrile. -Ml available e-dence I«mt> 
to a completely random distribution of these copolymenzing umt, alon. 
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the chain (see p. 180). The following formulas represent a generally 
accepted picture for butadiene-styrene copolymer and butadiene-acrylo¬ 
nitrile copolymer, respectively; 


CH2CH=CHCHjCHCH2CH2CHCHiCH=CHCH2 

CfiHs 




HCHjCH=CHCH2CHCH2CH2CH=CHCH2 


CeHs 


CH2CHCH2CHCH2CH2CH=CHCH2 


CH2CH=CHCH2CHCH2CH2CH=CHCH2CH CHCH2CH=CHCH2 

CeHs 


• ft 


1 


Hj CH2 


CH2CH=CHCH2CHCH2CH2CHCH2CH=CHCH2CH2CH=CHCH2* • • 

CN I 

CHCH2CH=CHCH2CH2CHCH2CH=CHCH2* • • 

CN 

CH2CHCH2CHCH2CH2CH=CHCH2 - • • 

• « 


CHtCH=CHCHsCHCHiCH2CH=CHCH2CH CHCH2CH=CHCH2 

CN 


I 

CH2 CH2 


The ratio of styrene or acrylonitrile to butadiene in the most useful 
copolymers is about 1 to 4. 


Properties of Butadiene-Derived Rubbers 

Only a small amount of butadiene polymer is produced for commer¬ 
cial purposes. It is all made in Germany with sodium as a polymeriza¬ 
tion catalyst. The chief use to which it is put is in the manufacture 
of so-called hard rubber or ebonite. This is made with 30 or more parts 
of sulfur per 100 parts of rubber in vulcanizing. Ebonite so produced 
from butadiene polymer is said to have a higher softening point than 
ebonite from natural rubber and to possess excellent chemical resistance. 

On the basis of tonnage produced, the butadiene-styrene copolymer is 
by far the most important, with about 400,000 tons scheduled for pro¬ 
duction in 1943 in the United States alone. The styrene content of the 
copolymer ranges from 20 to 40 per cent, with about 25 per cent in the 
general-purpose copolymer. This material is characterized by superior 
aging properties in the presence of air or oxygen and sunlight. It 
swells to a lesser extent than natural rubber in contact with gasoline 
and mineral oils. The resistance to heat and to abrasion of butadiene- 
styrene copolymer is somewhat better than that of natural rubber, 
making it a suitable replacement for the latter in tires and mechanical 
goods. The water absorption of butadiene-styrene copolymer is only 
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about 65 per cent that of natural rubber of similar compounding. If 
properly compounded, this copol>Tner possesses about the same resist¬ 
ance to the stiffening effect of low temperature as natural rubber, which 
is better than s}-nthetic rubbers in general. 

The tensile properties of butadiene-st>Tene copohmiers are compara¬ 
ble. thousth somewhat inferior, to those of natural rubber. A tread- 
t>-pe compound loaded with twenty-three volumes of gas black can be 
made which will show a tensile strength of about 4.500 pounds per 
square inch compared with a value of 4.300 pounds per square inch for 
natural rubber of similar loading. The production of a copoUmier of 
such high tensile strength, however, is accompanied by a loss of ease 
of processing which more than offsets the advantage> of high tensile 
strength. Consequently, commercial stocks offered are usually in the 
range' of 2.500-3.500 pounds per square inch in tensile strength. It 
has been found by actual wear tests that high tensile butadiene-styrene 
cnpolvmers are in nowise superior in wearing properties to lower tensile 
copol\aners of equal plasticity'. In the modulus at 300 per cent elonp- 
tion which is generally taken as an indication of the stiffness or resist¬ 
ance to deflection of a stock, butadiene-styrene copol)’mers are entirely 


comparable to natural rubber. 

Butadiene-styrene copolymers and synthetic rubbers m general are 
markedly deficient in rebound resilience. -\s usually defined, this is 
the percent ener£r^• returned to a standard pendulum falling from a 
given height, or.^'in other words, it represents the energy^-absortmg 
characteristics of the material. Frequently, a direct relationship is 
found between the capacity of a compound to absorb energy and its 
tendency to undergo excessive heat generation when subjected to rapid 
deflection cvcles. With a low rebound resilience or a high ener^ ab- 
^rpti.m most .cmthetic rubbers show high heat generation upon deflec¬ 
tion. and m thi; respect butadiene-styrene copolymers are no excepdom 
In resistance to the effects of flexing. butad.ene-sKrene 
.re again inferior to natural rubber. By proper compoundmg and th^- 
„„,h o( msredien,-.. ho.vever, this weakness ™y be m,™™zed 

and c,..l use nt the copolvmers in applications requtmg res.sMce to 
, - 1-n T.r. treads of btttadiene-styren. copolv™^ 

-how a low abrasion loss, and from this standpo.nt are enttrely sabs- 


'“b?iecond n«,t important member of the 

i, the bntadiene-acrvlonitrile copolymer. Its pecultar property .3 « 

elllt res,stance to swelling in most solvents which affect ^tnr^^ 
Ixtr. In this respect, it is superior to polychloroprene. The aery 
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nitrile content varies from 25 per cent in the usual compound to as 
high as 40 per cent in the especially oil-resistant types. 

Butadiene-acrylonitrile copolymers exhibit outstanding resistance to 
mineral, animal, and vegetable oils and fats as well as to the various 
petroleum hydrocarbons and hydrocarbon derivatives. Aromatic hy¬ 
drocarbons, ketones, and chlorinated hydrocarbons, to the efTects of 
which only the polysulfide rubbers are outstandingly resistant, cause 
considerable swelling, but he^fe again the effect is much less than with 
natural rubber. Commercial copolymers, for example, show a volume 
increase of less than 5 per cent when immersed in gasoline for two 
weeks. Under similar conditions natural rubber is almost completely 
dissolved, and polychloroprene swells to over 25 per cent above its orig¬ 
inal volume. In contact with lubricating oil, butadiene-acrylonitrile 
stocks frequently show a “negative” swelling caused by extraction of 
plasticizing ingredients without a compensatory swelling effect. 

In tensile properties, butadiene-acrylonitrile copolymers are compar¬ 
able to natural rubber in ultimate tensile strength and elongation when 
loaded to the same extent. The modulus at 300 per cent elongation, 
however, is somewhat lower, which is typical of,a stock less resistant 
to deflection. As in most synthetic rubbers, butadiene-acrylonitrile co¬ 
polymers exhibit a lower rebound resilience than natural rubber, in¬ 
dicating a higher absorption of energ>\ Advantage is taken of this 
property, however, in special applications such as the dampening of 
vibrations. Like the butadiene-styrene copolymers, the acrylonitrile 
types are also deficient in resistance to the effects of flexing. Resist¬ 
ance to abrasion is as good or better than that of natural rubber. For 
use in tire treads both types consequently are suitable. In the presence 
of oil or heat, the abrasion resistance of butadiene-acrylonitrile co- 
pol)rmers is especially good, and this valuable property is reflected in 
many of their applications. 

An important property of butadiene-acrylonitrile copolymers is that 
they show a minimum tendency to creep after an initial permanent set 
under applied loads. In this respect they diflFer decidedly from natural 
rubber and most other synthetic rubbers as well. Furthermore, there 
IS no tendency to undergo reversion in the presence of heat. The re¬ 
sistance to heat and aging of all normal butadiene-acrylonitrile stocks 
is exceptionally good. The retention of flexibility at low temperatures 
is roughly the same as that of natural rubber. 

The eflFect of carbon black on the physical properties of butadiene- 
derived rubbers is much greater than on those of natural rubber. This 
important difference is brought out by the data in Table III, which 
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represents t}'pical v'alues for stocks loaded with channel black to the 


same degree. 

From these data it is apparent that beyond increasing the stiffness 
of the stock, channel black has caused comparatively little change in 
natural rubber vulcanizates. In butadiene-derived rubbers, however, 
tensile strength has been greatly increased while the elongation has in¬ 
creased considerably. The exaggerated effect of channel black loading 


TABLE III 



Natural rubber 
Styrene copolymer 
Acrylonitrile copolymer 


Vulcanized Pure Gum 


Tensile 

Strength 


3.500 

300 

250 


Elongation 


760 

350 

450 


Vulcanized Carbon Black 


Tensile 

Strength 


4.000 

2,650 

3,800 


Elongation 


630 

480 

530 


has contributed greatly to the development of 
s\*nthetic rubbers. 


uses for butadiene-derived 


Compoimding and Processing of Butadiene-Derived Rubbers 

All butadiene-derived rubbers are characterized by their need for 
special mastication before compounding. Several techniques have been 
developed to accomplish the proper breakdown of the raw synthetics. 

It was soon found that butadiene-styrene copolymers could be brought 
to the proper state of plasticity by heating a sheet of the material to 
a temperature of 130 to 150° C for one to two hours in the presence 
of air. The process is known as thermal oxidative softening but the 
chemical changes occurring are obscure. Although this method has 
been used extensively in Germany, a similar method based on milling 
the sample while hot has been found to give trouble because of crum¬ 
bling. Most butadiene-styrene copol)rmers processed in the United 
States are subjected to a cold milling without preliminary ther^ oxi¬ 
dative softening. Excessive milling is avoided since overmilling pro¬ 
duces a definite lowering in tensile strength. For this reason mbdng 
schedules are observed closely, and they include a rest period of several 
hours before refining of the compound. To some extent ledai^ 
natural rubber may be added to the copolymer to aid in its processii®. 
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but the properties of the compound are lowered to a greater extent than 
in reclaimed rubber-natural rubber compounds. 

In compounding butadiene-styrene copolymers, softeners are required 
which are, in general, similar to the ones used with natural rubber. Fat 
acids such as stearic acid have been found to be effective particularly 
in channel black stocks, but since these occur in the copolymer as pro¬ 
duced, further addition is not necessar}\ The amount required varies 
from 1 to 2 per cent, based on the copolymer. The coal-tar and pine-tar 
softeners have likewise been found to be effective in the amount of 
2 to 3 per cent based on the copolymer. In spite of the importance of 
this phase of the processing, no completely satisfactory softener for 
butadiene-styrene copolymer has as yet been developed. 

Curing agents, fillers, accelerators, and activators are similar to those 
used with natural rubber except that somewhat lower sulfur and higher 
accelerator ratios are required. The thiazole-type accelerators are most 
effective, and the sulfur may be replaced in some stocks by selenium. 
The exaggerated effect of carbon black on the properties of butadiene- 
styrene vulcanizates has been mentioned. Temperature and time of 
cure are likewise similar to those used for natural rubber compounds. 

Unlike butadiene-styrene copolymers, heat plasticization is ineffective 
with butadiene-acrylonitrile copolymers. In masticating the latter, 
batches small enough to pass rapidly between the rolls are used. Mill 
rolls must be kept cool and must be set closely. Softeners are even 
more important than with butadiene-styrene copolymers. Dibenzyl 
ether, diphenyl phthalate, and other phthalate esters, tricresyl and tri¬ 
phenyl phosphate have all been found to be effective softeners. Other 
softeners, which cannot however be used in large volume where oil 
resistance is desired, include coal tar, pine tar, wool grease, rosin, soft 
coumarone resins, factice, and natural rubber. 

Sulfur, accelerators, reinforcing blacks, and fillers are used as in 
natural rubber compounding. The amount of sulfur required to pro¬ 
duce a good vulcanizate is in general somewhat lower than with natural 
rubber; about 2.5 per cent based on the copolymer represents a maxi¬ 
mum requirement. Tirrfe of cure is about the same as with natural 
rubber except that overvulcanization is not frequently encountered. 
Butadiene-acrylonitrile vulcanizates also tend to stiffen on prolonged 
heating without the appearance of resinification or tackiness as in nat¬ 
ural rubber. Fillers and reinforcing pigments which are used with nat¬ 
ural rubber are also satisfactory for use with butadiene-acrylonitrile 
copolymers. As with butadiene copolymers generally, the effect of 
carbon black loading on physical properties is proportionately much 
greater than with natural rubber. 
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Uses of Butadiene-Derived Rubbers 

The various butadiene-sn-rene copolymers are used to replace rubber 
in such applications as automobile and light truck tires where good 
resistance to organic solvents is not required. Small amounts are used 
in lining material for caps and cro%\Tis, cable covering, vibration and 
shock-absorbent pads, and as the swelling layer in bulletproof fuel-tank 

linings. 

The uses of oil-resistant rubbers such as the butadiene-acrylonitrile 
copoh-mers are becoming so varied that a detailed discussion is imprac¬ 
tical. Hose and tubing, gaskets, and sealing devices for organic liquids, 
particularly petroleum products, account for the bulk of the copolymer 
produced. Industrial truck tires, mountings for vibration absorption, 
and convevor belts consume important quantities. 


POLYSULFIDE RUBBERS 

In 1932 Patrick described a new tj-pe of rubber-like material and 
made application for patents covering its preparation. In subsequent 
applications researches on many other halides have been covered, and the 
polysulhde rubbers are now well-established commercial products (4). 

A significant difference between the formation of polysulfide rubbers 
and of'most other s>'nthetic rubbers is that the essential reaction is con¬ 
densation and not vinyl polymerization. The following metathetical 

equation represents the course of the reaction: 

X—CH.>—R—CHoX + Na2S4 

2NaX -I- CHo — R — CHo — 82,3 or 4— CH2 — R—CH2 ^82.3 « 

In this equation the dihalide may be methylene dichloride, ethylene di¬ 
chloride. 1.3-propylene dichloride, dichloropropylene hydrin, or penta- 
meth\ lene chloride as well as such halo-ethers as dichlorodiethyl ether 
and chloropolyethylene oxide. A German polysulfide rubber known as 
Perduren H is formed from dichloroethyl formaldehyde acetal an 
sodium tetrasulfide. A polysulfide rubber from ethylene digly^ide 
and sodium tetrasulfide is known in Japan as Thiomte. Vulcaplas. a 
polvsulfide rubber from glycerol dichlorohydrin and sodium te^ul- 
Me is marketed in England. Of the dihalides mentioned, ethylene 
dichloride, propvlene dichloride, and dichlorodiethyl ether are 
commonly used in this countr>-. Any of the halides may be used but 

the chlorides are of greatest commercial significance. 

Pol> sulfide rubbers are produced from abundant raw materials. »>■ 
j;_obtained from sodium sulfide and sulfur. 
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Na 2 S + 3 S —> Na 2 S 4 

Ethylene dichloride is prepared from ethylene, a product of the petro¬ 
leum industry or of the dehydration of ethyl alcohol, and chlorine: 

CH2=CH2 + CI2 Cl—CH2CH2—Cl 

Dichlorodieth^l ether is prepared from ethylene as follows: 


CH 2 =CH 2 + HOCl 



CH2—CH2 

I I 

Cl OH 



H2SO4 



Cl—CHaCHav^ 
Cl—CHaCHa^ 


Pol3fmerizatioii is accomplished by bringing a solution of sodium 
polysulfide into contact with ethylene chloride in the presence of a dis¬ 
persing agent, such as magnesium hydroxide. The latex which results 
is washed free of soluble metallic salts and is finally coagulated by 
acidification. The polymer can be milled like rubber, which in fact it 
resembles. 


From the manner in which the polymer is formed the structure would 
appear to be: „ 

—CHaCHa— S4— CHaCHa— S4— 


This noncommittal formula does not explain the arrangement of sulfur 
atoms in the molecule. Ethylene mercaptan may be obtained by proper 
treatment which indicates the essential correctness of the formula. 

Under certain conditions the number of sulfur atoms may be varied. 
Heating with sufficient sodium hydroxide to remove two sulfur atoms 
changes the analysis from (C2H4S4)„ to (CaH4S2)„. Further treat¬ 
ment produces no change. Attempts to remove sulfur by solvents or 
distillation are unsuccessful, indicating that the sulfur is not merely in 
solution in the solid. The change is reversible ; if (C2H4S2), is heated 
with sulfur and diphenylguanidine for 24 hours at 120 - 130 ° C, recom¬ 
bination of sulfur occurs. Whereas (C2H4S2)n is a granular, white 

powder melting to an amber-colored liquid at 180 ° C, (C2H4a»)- is 
rubber-like. 


Polymers similar to the common types from ethylene chloride or di- 
chlorodiethyl ether may be obtained by the reaction of dichlorides with 
sodium polysulfide containing less than four atoms of sulfur. Most, 
however, do not possess rubber-like properties. For example, methyl¬ 
ene chloride and sodium sulfide give a long-chain polymer: 

Cl—CH2—C! + NaaS -|- Cl—CHa—Cl — 

Cl—CHa—S—CHa—Cl —CHa—S—(CHa—S—)„— 
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Similarly sodium disulhde. Xa 2 S 2 , reacts to produce a polymer which 
likewise possesses no rubber-like properties. This polymer will not 
combine with more sulfur. The reaction may be represented by the 
following equation: 

C1^CH2—Cl + Na2S2 + Cl—CHo—Cl -- 

Cl—CHo—S—S—CHoCl —CH 2 —S—S—(CH 2 —S—S—).— 

Treatment of (CHoS^On for several hours in solution with sodium 
sulfide at 90° C, followed by acidification, gives methylene mercaptan. 
The latter can be converted to sodium methylene mercaptide with so¬ 
dium hydroxide, and this in turn oxidized by sodium polysulfide or 
hypohalite to (CHoSo'ln. Upon treatment with sulfur, (CHoSo^n as¬ 
sumes rubber-like properties. Table I\’ shows the minimum number 
of sulfur atoms required to impart rubber-like properties to the most 
common alkvl groups present in polysulfide rubbers. 


Alkyl Group 
—CHo— 

—CHo— 



TABLE IV 
Sulfur Group 



—S—S— 

I ^ 

S S 


—CH 2 CH 2 


CHoCHr 


—CHoCHo 


—CH^CHoCH-r— 

—CHiCHoCHo— 

—CHoCHoCHo— 


—CHeCH-r-O—CHoCHo— 

—CHiCHo—0—CHiCH-:— 


—CH;CH2—0—CHoCHo— 


—(CH2CHoO)2—CHoCHo— 
—(C H 2 C H 20 ') 2 —c H 2 C H 2 — 
—(CH2CH20)2—CH 2 CH 2 — 



—s—s— 



s s 
—s— 



—s—s— 


s s 

—s— 

—S--S— 

—s—s— 



Properties of Polymer 
Powder 

Powder 

Rubber-like 


Powder 

Powder 

Rubber-like 


Powder 

Powder 

Rubber-like 


Powder 

Rubber-like 

Rubber-like 


Powder 

Rubber-like 

Rubber-like 


S S 



i'uly:>ulfide rubbers 
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It will be noted that simple alkenyl groups, such as methylenyl and 
ethylenyl, require a minimum of four sulfur atoms in the starting poly¬ 
sulfide to produce rubbery properties. With dichlorodiethyl ether and 
cliloropolyethylene oxide, even sodium disulfide produces a rubber-like 
product In commercial practice, however, the tetrasulfide is used al¬ 
most exclusively. 

Various formulas have been advanced to depict the arrangement of 
the sulfur atoms in the polymer based on the chemical evidence as 
presented. The most acceptable one which covers the known facts is: 



CH2CH2 




Since sulfur content in rubber-like polymers may vary between 2.5 

and 4 per —CH2CH2— group as determined by experiment, this hypo¬ 
thetical structure is oflFered: 



Complete unanimity does not exist on the matter of end groups. 
Patrick suggests —CH2—CH2—S4Na as the typical end group in pref¬ 
erence to —CH2CH2Q when an excess of Na2S4 is present. In the 

presence of acid this group becomes —CHoCHoSH with the liberation 
Df sulfur. 


Compounding and Curing of Polysulfide Rubbers 

The usual types of polysulfide rubbers must be compounded and vul- 
anized to develop maximum properties. Several deviations from nor- 
nal practice with natural rubber are employed. 

Organic accelerators when used appear to act as softeners and to 

acilitate breakdown of the material on the mill. The most satisfactory 

oftener is benzothiazyl disulfide. This may be used alone or in com- 

•mation with a small amount of diphenylguanidine which, although 

lot effective by itself, accelerates the softening action of benzothiazyl 

lisulfide. These compounds do not affect the hardness of the stock 

iter curing. Softeners, such as oils, resins, or pitches, which are 

tfective with natural rubber cannot ordinarily be used with the poly- 
ulfide rubbers. ^ ^ 
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XJnlike natural rubber, no added sulftir is used in curing the poly¬ 
sulfide rubbers. In place of sulfur, zinc oxide is the curing agent. The 
rate of cure is not dependent on the amount of zinc oxide. Amounts 
up to 10 per cent of the weight of the polysulfide rubber may be used. 
Amounts greater than this function only as loading in the stock. Sulfur 
when used acts as an accelerator in amovmts of 1 to 1 
cause sulfur tends to restrict the curing range, it is seldom used. 

Stearic acid is used in compoimding polysulfide rubber stocks to pre¬ 
vent them from sticking to mill rolls and to molds. It also assists in 
the dispersion of pigments. Comparatively small amounts are used, 

j from 0.5 to 1.0 per cent, depending on the type of stock. 
Lesser amounts give stocks with better tack and ply adhesion. 

Semi-rein forcing and soft carbon blacks are suitable pigments for 
polj^ulfide rubbers. Channel blacks do not give the same reinforcing 

Other pigments, such as zinc oxide, may be us ^ 
pigments is not so wide as with natural rubber, 
creneral the same as for natural rubber stocks. 





Properties of Polysulfide Rubbers 

The specific gravity of polysulfide rubber varies from 1.33-1.38. It 
may be obtained in a wide range of hardnesses by proper compounding. 
It is not possible, however, to obtain hard rubber or ebomte, as in the 

case of natural rubber. 

Stocks can be made to compare with natural rubber m resihency. 
Likewise suitable flexible characteristics can be attained, and, where ofl 
conditions are encountered, the polysulfide rubbers are superior to 
ural rubber. -Abrasion resistance is one-half to three^fourths that of a 
first-grade natural rubber-tire tread, but in this respect also the poly¬ 
sulfide rubbers are superior under oil conditions. 

Tensile strengths up to 1,400 pounds per square inch and dongations 

of 500-600 per cent are obtained with polysulfide rubl^ stocks, 
values are retained in large measure upon immersion m oil. 

Polvsulfide rubber shows unusual resistance to the action of mo^ 
organic solvents. It is practically unaffected by alcohols ketones, 

Petroleum hydrocarbons such as are found in kerosme, 
oU, lubricating oils, Ind motor gasoline affect it but Uttle. 
hydrocarbons sweU polysulfide rubber to some e^ent but not sa 
as to make the stock unserviceable. It is superior to any o e syn 
thetic rubber-like materials in this respect. Carbon tel^oride ^ 

other chlorinated compounds affect polysulfide rub^ in 
2^es. but in most of these solvents it may be used at least int^d- 

tently. 
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Polysulfide rubber is not affected by dilute acids and alkalies, but 
concentrated sulfuric, nitric, and hydrochloric acids will destroy it* 

A characteristic of polysulfide rubber which makes it valuable for 
use in fuel tanks is that the matter extractable by aviation gasoline and 
similar blends is negligible. No free sulfur or corrosive sulfur com¬ 
pounds are extracted, and gasoline after standing in contact with it w'ill 
not stain polished copper. 

A membrane of polysulfide rubber exhibits a very low permeability to 
fixed gases, including carbon dioxide. In this respect it is superior to 
natural rubber. Also, it has a low permeability to gasoline and fuel 
blends. Coupled with this characteristic is exceptional resistance to 
the effects of ozone. 

Plastic flow has to some extent limited the applications of polysulfide 
rubbers. At higher temperatures gradual hardening is encountered. 
These disadvantages may be at least partially overcome by proper de¬ 
sign or through compounding. 

Uses of Polysulfide Rubbers 

Practically all the uses of the polysulfide rubbers depend on the ex¬ 
cellent solvent resistance of the material. Gaskets are made of this 
material either alone or from paper, cork, or felt, coated with a solu¬ 
tion of polysulfide rubber in ethylene dichloride. 

A large amount of this material is consumed in oil-loading hose 3 
to 10 inches in diameter or larger. Seals for oil-storage tanks are made 
from asbestos impregnated with polysulfide rubber. Other seals, gas¬ 
kets, diaphragms, valve seat discs, and flexible machine mountings for 
use in contact with solvents are made of polysulfide rubber. Refined 

petroleum products also are handled through bulletproof pipe lines and 
in self-sealing fuel tanks. 

Barrage balloons are made which take advantage of polysulfide rub- 
ber’s low permeability to gases. Boats, life vests, and rafts made of 
fabric impregnated with this material and inflated with carbon dioxide 
are also used extensively. A number of oilproof gaskets and seals as 
well as cushioning parts of polysulfide rubber are used in the construc¬ 
tion of mobile equipment. Electrical cable coated vrith this material is 
used in many types of equipment construction. 

Considerable polysulfide rubber is used in the printing industry for 
printing press rollers and blankets. The chemical industry likewise 
uses this rubber-like material in loading benzene and other aromatic 

solvents. 
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RUBBER FROM OLEFINS 

The inclusion of polyisobutylene among synthetic rubber-like mate¬ 
rials is based upon the designation of the latter as materials which may 
be stretched to a considerable degree and which, after release of stress, 
will retract forcefully and quickly. It is non-vulcanizable except when 
formed by copolymerization with a diolefin. Being essentially a satu¬ 
rated hydrocarbon, its resistance to oxygen, oxidizing acids, and min¬ 
eral acids is excellent and accounts for the use of the greater part of 
the production in electrical cable, storage batteries, tank linings, and 
the like. More recently, however, vulcanizable t}-pes which are copoly¬ 
mers of isobutylene and buUdiene or isoprene have come into promi¬ 
nence as replacements for natural rubber in automobile tires. 

The raw materials from which polyolefins are produced are available 
in great quantitv. Large amounts of isobutylene for the preparation 
of pohdsobutvlene are available as a product of the normal cracking 
operations of'petroleum refining. Since these products are obtain^ as 
by-products and their formation requires no important deviation from 
normal practice, the amounts available are large, and the rate of pro¬ 
duction of the pobmiers depends almost entirely on the polymerizing 
equipment obtainable and the demand for isobutylene in high^tane 
gLoline production. Production of pol>dsobut>-lene^pol>-mers for tire 

treads is therefore expected to rise from about 300 tons in 1942 to 
about 20,000 tons in 1943. 

Preparation of Polyisobutylene 

Pohdsobutylene in a low stage of polymerization was known as early 
as 1873. when Butlerow and Gorlanov discovered that '“l>^tyk^2on 
oily products upon treatment with strong sulfuric 

of a polymer of sufficient molecular weight to have rubber-like proper- 

1 holder, is a racen. developmen.. In 1937 Ae pa.an. on p«¥ 

isobunlenes of high molacular wdght »as i«ued to ; 

copolymers of isobutylene and diolelins, such as butadtene an, 

'T^'d phase polymerisation of isobutylene at high ^ 
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takes place with almost explosive violence in one of the most rapid 
organic reactions. 

The temperature at which polymerization occurs is of extreme impor¬ 
tance in determining the size of the polymer obtained. Molecular 
weight, as determined by the Staudinger viscosity method, is about 
10,000 for a polymer formed at —10° C. By lowering the temperature 
to —95° C, pol 3 miers of molecular weight about 225,000 are obtained. 
In this manner isobutylene polymers with molecular weights as high as 
400,000 have been prepared at temperatures below —250° C. Of great 
importance to the value of the process is the fact that there is no appar¬ 
ent increase in the time of reaction with lowering of temperature, and 
products of highest molecular weight are obtained at the lowest tem¬ 
peratures. The following table showing the results of t}T>ical experi¬ 
ments illustrates the tremendous effect of temperature on the molecular 
weight of the pol 3 Tner. 


Polymerization of Isobutylene 
WITH BF3 AS A Catalyst (6) 


Temperature, ®C 

Molecular Weight 

-10 

10,000 

-25 

13,000 

-45 

25,000 

-80 

80,000 

-90 

120,000 

-105 

220,000 

1 


A significant difference in reaction mechanism is apparent between 
the low-temperature polymerization of isobutylene and the ordinary 
thermal polymerization of olefinic hydrocarbons. In olefinic hydro¬ 
carbons, higher temperatures may favor the formation of larger poly¬ 
mers, and the reaction seems to follow a stepwise process of building 
up from monomer to dimer, dimer to trimer, and so on to a large mole¬ 
cule. At extreme temperatures tarry products of complex structure 
are obtained. Conversely, in the polymerization of isobutylene it has 
been shown that,* although the reaction must go through various suc¬ 
cessive stages of chain formation, the presence of even small amounts 
of intermediate polymers causes a lowering of the yield and a decrease 
in the molecular weight of the polymer. Thus very small quantities of 
diisobutene or triisobutene act as retarders of the polymerization of 
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ride in a slow stream to isobutylene at its boiling point brings about 
the formation of an oil, but only after a considerable induction period. 
At —80° C, however, the addition of boron fluoride to isobutylene 
causes the formation of a polymer of high molecular weight in a re¬ 
action which is practically instantaneous. On the basis of the above 
e\ndence, the cataljiic polymerization of isobutylene at low temperatures 

is usually considered to be a chain reaction. 

The presence of impurities in the monomeric isobutylene has a pro¬ 
found effect on the course of the reaction. Whereas ethylene and pro- 
pene are apparently inert, higher olefins, particularly «-butene, cause a 
decided limiting of the poljTuer size. This fact is illustrated by the 
following data (6) for the polymerization of ?j-butene-isobutylene mix¬ 
tures at -95° C, with boron fluoride used as a catalyst. 


% n-Butene 

0 

2 

10 

20 


Molecular IVeight 

. 225,000 
200.000 
80,000 
55.000 


It is not correct, strictly speaking, to term M-butene an inhibitor for, 
although its presence does lead to lower molecular weight m the poly¬ 
mer tL mechanism involves its participation m the reaction and con¬ 
sequent limitation of the growth of the polyisobutylene chain Diiso- 
butylene has an even greater limiting effect than butene itse f, ^d its 

L great limiting effect of diisobutylene. Other compounds, however 
such as sulfur, hydrogen sulfide, mercaptans, 

removed and excluded from the reaction mixture. It has been sug- 
eested that the inhibitor)- effect of hydrogen chloride, because of its 

at brv temperatures are anrphoterfc hal.des, such as boron fluonde, 

aluminum fluonde and chlor.de, and J 

extent, iron and stannic chlorides ave suitabil- 

ch.onde.ther complex « — hi" ILL by tdal. 
ity of a catahst cannot p found to be most 

"unm ^:Xt "ho„”h aluminum chloHde in an inert 
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solvent, such as hexane or ethyl chloride, may be used for copolymers 
of isobutylene. With aluminum chloride, the reaction is slower and 
capable of adaptation to a flow process. Recent patents pertaining to a 
flow method of production disclose the continuous addition of aluminum 
chloride in a suitable solvent to a stream of chilled isobutylene circu¬ 
lating through coils in a refrigerating medium. 

The amount of catalyst required is determined by the experimental 
conditions with about 0.03 per cent as a minimum. It has been found 
that the lower the concentration of catalyst, the higher the efficiency as 
measured by the number of moles of polymer formed per mole of cata¬ 
lyst added. Studies in the use of aluminum chloride as a catalyst indi¬ 
cate 0.0008 mole of catalyst to be most advantageous and the efficiency 
at this concentration is 3 moles of polymer per mole of catalyst. A 
hundredfold increase in concentration of catalyst to 0.08 mole per liter 
causes a drop in efficiency to 0.75 mole of polymer per mole of catalyst. 
Commercially the polymerization is performed with yields of about 
90 per cent of the theoretical. 

The importance of low temperatures to the formation of high poly¬ 
mers of isobutylene has been mentioned. At the extremely low tem¬ 
peratures employed the liberation of large amounts of heat (around 
10,000 calories per mole) in the polymerization reaction necessitates 
special handling in order to control the reaction. Diluents are there¬ 
fore frequently used to advantage. Since the temperature effect is so 
much greater than the dilution effect, fairly dilute solutions at low tem¬ 
peratures will result in products of high molecular weight. The follow¬ 
ing table (6) illustrates the effect of dilution for the polymerization of 
isobutylene at —78® C in the presence of boron fluoride as a catalyst 
and a saturated petroleum solvent as a diluent. 


% Isobutylene 

Molecular Weight 

100 

30,000 

60 

35,000 

SO 

40,000 

25 

75,000 

15 

70,000 

13 

40,000 

10 

Less than 10,000 


The sharp maximum in average molecular weight at a concentration 
of about 25 per cent has been shown to be almost independent of the 
nature of the diluent. Below 15 per cent concentration the effect of 
dilution IS greater than the temperature effect, and a precipitous drop 
is found in average molecular weight. 
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A characteristic of polyisobutylene which in some respects represents 
a disadvantage is its 
accepted concept of the mechanism of vulcanization (see p. 191), this 
is due to the lack of unsaturation in the polymer. Recently, however, 
copoh-mers of isobutylene with diolefins have been prepared which pos¬ 
sess sufficient unsaturation to be vulcanizable with sulfur. 

Butadiene and more particularly isoprene are the diolefins used. The 
commercial copolymers contain only enough diolefin to give an unsatu¬ 
ration corresponding to 1 to 2 per cent of that of rubber as determined 


non-vulcanizabilit>\ According to the generally 


by iodine number. The amount of added diolefin ranges from 2 per 
cent to as high as 15 per cent with the lower percentages the more 
common. The molecular weight of the commercial material is some¬ 
what lower than that of polyisobutylene itself and ranges from 40,000 
to 80,000. The copolymer is much like crepe rubber in physical appear¬ 
ance, and is almost odorless. 

Vulcanizates of isobutylene-diolefin copohmers are essentially satu¬ 
rated. For this reason they possess the chemical stability of paraffin 
hvdrocarbons to oxidation either by oxygen or ozone or by oxidizing 


acids. Since the amount of unsaturation is low, the time required to 
vulcanize is high and varies with the amount of unsaturation. The 
relationship of amount of unsaturation to time of cure at a given tem¬ 
perature is indicated roughly by the following table (7) : 


Amount of Unsaturation 


(Rubber = 100) 

Time of Cure 

1 

o.sr^ 

1 hour 


30 minutes 

1.6% 

15 minutes 


Structure and Properties of Polyisobutylene Rubbers 

Polyisobutylene is generally considered to have a “head-to-tail type 
of structure, as in the following. 


CHa 


CHa 


CHs 


CHs 


CHa 


CH2—C— CH2—C—CH2—C—CH2—C—CH? 


CHs 


CHs 


CHs 


CHs 


CHs 


The X-ray diagram of stretched polyisohutylene (p. 178) shores sh^ 
rffracfion spo„ fypical of a sysfen, in which ordered, cryshdhne r^ 
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gions exist From the identity period of 18.63 A, the unit in the poly¬ 
isobutylene chain appears to be three isobutane groups, but this may be 
due to the existence of the material in a three-dimensional pattern with 
the 1- and 4-isobutane groups in one plane and the 2 and 3 groups in 
another plane. 

In contrast to the regularity of structure indicated by the X-ray dif¬ 
fraction diagram, thermal breakdown of the polymer by distillation at 
above 300® C gives products of low molecular weight which appear to 
have formed by head-to-head and tail-to-tail polymerization. Hence 
some of this type of reaction may be involved or the products may be 
formed by rearrangement under the conditions of the pyrolysis. It has 
been found, however, that diisobutylene does not undergo rearrange¬ 
ment at 350® C. 

The structures of copolymers of isobutylene have not as yet been 
reported. Using 10 per cent of isoprene in the copolymerization and 
assuming “head-to-tail” type of reaction, the following structure would 
be indicated; 



No X-ray diffraction studies on the copolymers of isobutylene have 
been reported. 

Polyisobutylene has a density of about 0.91 gram per cubic centi¬ 
meter. It is swollen to a slight extent by ethyl alcohol and acetone 
and is soluble in aliphatic and aromatic hydrocarbons, as well as in 
chlorinated solvents. Concentrated nitric acid causes a slight attack, 
but concentrated sulfuric, hydrochloric, and acetic acids produce no 
effect. Similarly strong bases are without effect. Resistance to con¬ 
centrated acids and bases is shown also by rubber-polyisobutylene mix¬ 
tures containing at least 50 per cent polyisobutylene. 

The resistance of polyisobutylene to ozone and oxygen is excellent. 
This is not surprising in view of the fact that the attack of these agents 
is usually considered as occurring at the double bonds through the 
formation of ozonides. In a completely saturated material such as 
polyisobutylene the effect would be slight. Good resistance to ozone is 
exhibited also by rubber-polyisobutylene mixtures containing at least 
50 per cent polyisobutylene. The resistance of poly isobutylene to high 
temperatures is not outstanding. Improvement in this respect may be 
obtained by including small amounts of sulfur compounds or hydrogen 
chloride which act as inhibitors of polymerization and depolymeriza- 
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tion. Prolonged milling at temperatures above 125° C causes a severe 
breakdown of polj'isobutylene. 

In tensile properties pohnsobutylene is generally inferior to other 
s>'nthetic rubber-like materials. Treatment during milling is of great 
importance in determining the ultimate tensile strength of the material. 
Thus polyisobutylene milled between cold rolls shows a tensile strength 
of around 700 pounds per square inch, but, when mixed at 140° C for 
20 minutes in a Banbuiy- mixer, the tensile strength rises to about 1,900 
pounds per square inch. Apparently aligning and compacting of the 
molecular chains take place with a corresponding increase in the effec¬ 
tiveness of interniolecular forces. It is interesting to note that similar 
increase in tensile strength does not take place upon milling rubber- 
polyisobutylene mixtures. Below 50 per cent pohdsobutylene content 
such mixtures exhibit the characteristics of rubber to a large extent. 
Above 50 per cent polyisobutylene its characteristics predominate, and 
high elongations at low loads result. Elongations of about 1,000 per 
cent are obtained with pure pohnsobutylene. At low temperatures poly¬ 
isobutylene is lacking in resilience, but at 100° C the rebound is close 

to that of rubber. 

The capacitv of polrisobutylene stocks to absorb fillers is greater than 
natural rubber. As much as 150 parts of channel black or 500-1.000 
parts of talc mav be incorporated in 100 parts of the s\Tithetic material. 
Rubber-poh-isobutylene mixtures are vulcanizable, but cunng agents 
must be added on the basis of the combined weights of rubber and 
polvisobut\lene, owing to the capacity of polpsobutylene to absorb 
compounding ingredients. No difficulty is encountered in obtaining 
rubber-polyisobutylene mixtures if the rubber is premasticated before 

combining the two materials. 

Polyisobun lene has good electrical properties as a result of its satu¬ 
rated hydrocarbon structure. These propenies show little change u^n 
immersion in water even for prolonged periods. It possesses verj- low 
permeability to gases such as hydrogen, helium, nitrogen, air, sulfur 
dioxide, and water vapor. In small amounts pol>-isobut)-lene is said to 
increase flex-crack resistance of tire sidewalls and to unprove the proc- 


essing of reclaim stocks. 

The copoU-mers of isobutvlene and diolefins which are available from 
commercial operations have a density of about 0.91 gram per cubic 
centimeter. Since onlv a limited amount of unsaturation is present in 
the copoh-mer. the vulcanizates are to all practical purposes saturated^ 
Their inertness toward oxygen and ozone and toward oxidizing an 
mineral acids is excellent. Aliphatic hydrocarbons attack Aese coi^- 
mers, but thev exhibit considerable resistance to solvent action by ben 
zene.’ ethvlene dichloride, and o.xygenated solvents. 
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Unlike most synthetic rubber-like materials, the copolymers of iso¬ 
butylene and diolefins do not need to be broken down on the mill before 
processing. The incorporation of vulcanizing ingredients, pigments, 
and fillers ma}' be started as soon as a continuous sheet has been formed 
around the mill. Properly compounded and cured, copolj-mer stocks 
show tensile strengths as high as 3,500 pounds per square inch and 
elongations around 1,000 per cent. The stress-strain relationship in 
copolymer vulcanizates is different from that of natural rubber in that 
below strains of 500 to 700 per cent, the stress is low. Above this point, 
however, the relationship is more nearly like the overall stress-strain 


curve for natural rubber. 

Resistance of the copolymer vulcanizates to flex-cracking is good. 
This property, coupled with the fact that there is little deterioration 
of the resistance to d)Tiamic flexure upon aging, accounts for the suc¬ 
cessful application of the material to tire-tread manufacture. Although 
complete data on the resistance of the copolymer stocks to abrasion are 
not yet available, preliminary tests indicate that carbon black reinforced 
compoimds are about equal to natural rubber in this respect. The tear 
resistance of the vulcanizates is increased by carbon black, but to some 
extent increasing carbon black content causes a lowering of tensile 
strength. A proper balance, therefore, between tear resistance and 
tensile strength is obtained by adjusting the carbon black content. 

As mentioned previously, no synthetic rubber-like material has been 
produced which is equal to natural rubber in resilience. At room tem¬ 
peratures the copolymers of isobutylene lack much of the “nerve” of 
natural rubber, but at temperatures above 100° C their rebound is prac¬ 
tically the same as that of natural rubber. The electrical properties of 
the copolymer vulcanizates are good and, because of low water absorp¬ 
tion, are maintained after contact with water. Like pol>-isobut>dene. 
the copol)nners show low permeability to gases such as hydrogen, he¬ 
lium, air, sulfur dioxide, nitrogen, and water vapor. 


Uses of Polyisobutylene and Its Copolymers with Diolefins 

Polyisobutylene is used chiefly in electrical insulation on wire and 
cables in the form of mixtures with natural rubber. Because of its 
good heat resistance it is used in steam hose and belt covers. Inner 
tubes, gas masks, and balloon cloth of low gas permeability are made 
from rubber-poljdsobutylene mixtures. A number of tank-lining mate¬ 
rials contain polyisobutylene. Thus properly filled compounds are used 
in aad-resistant tank linings and coatings, gaskets, packing, and caulk¬ 
ing compounds. The swelling layer of gasoline tank linings, in special 
applications where immediate sealing upon rupture by a bullet is neces¬ 
sary, IS also made with poljnsobutylene. Other uses which depend t(? 
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esser extent on the rubber-like properties of pohnsobutA'lene are in 
-melt coatings and adhesives, caulking compounds, and as a plas- 
zer and modit\ang agent for waxes, resins, and asphalts. 

\t least at present the principal development of the copoh-mers of 

butylene is for automobile tires. Bv reason of their -vTilcanizable 

• ^ 

xire, they also appear to offer satis factor}" replacements for natural 
)ber in many of its applications. 

REVIEW QUESTIONS 

1. Describe briefly the structure of natural rubber and g^ve proofs for 
this structure. 

2. State briefly the role of sulfur in \’ulcanization. 

3. Describe briefly the methods for preparing chloroprene and polychlo- 
roprene. 

4. What are some of the uses of polychloroprene ? 

5. Discuss briefly methods for preparing butadiene from petroleum. 

6. Describe the conditions for emulsion pohTnerization of butadiene 
and stvTene or acrylonitrile, 

7. What properties of the butadiene-st}Tene copoh-mer make it useful 
in the manufacture of tires? 

8. Describe the methods for producing polysulfide rubbers. 

9. \Miat conditions should be used to form a large poKmier of isobuty¬ 
lene? 

10. Why are diolefins copol>'merized ^yith isobut}'Iene ? 
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PART V. RESINS FROM NATURAL PRODUCTS 


CHAPTER 12 

CELLULOSE NITRATE 

Cellulose is widely distributed in nature and is commonly found in 
the woody portion of plants, usually in association with lignin. For 
the manufacture of cellulose derivatives cotton linters, the short fibers 
which are not removed from the seed in the ginning of the cotton, are 
often used. However, cellulose from wood pulp, prepared by removal 
of lignin by alkali treatment, is also usec^ for cellulose derivatives. 

Cellulose is a carbohydrate (CeHioOs)!! which can be hydrolyzed by 
acids to glucose. The length of the cellulose chain has been estimated 
by determination of osmotic pressure, viscosity, and by studies of the 
precipitation rates in the ultracentrifuge. Each of these determinations 
may give a somewhat different value on the same material. Kraemer 
(4) has shown that comparison of these values gives an estimate of 
the homogeneity of the cellulose. If a sample consisted only of poly¬ 
mers of the same size, the three methods would be expected to give 
the same result. The values should also agree if a carefully fraction¬ 
ated sample were examined. As the polymer becomes less homogene¬ 
ous, the results of the three determinations will show wider variation. 


TABLE I 

Molecular Weight of Cellulose and Its Derivatives 



Mol. Wt. 
in Thousands 

Degree of 
Polymerization 

Native cellulose 

570 

3,500 

Purified cellulose 

150-500 

1.000-3,000 

R^;enerated cellulose 

50-120 

300-700 

Dynamite nitrocellulose 

750 

3,000 

Plastics nitrocellulose 

150 

600 

^Second lacquer 

45 

175 

Cellulose acetate 

45-100 

175-360 
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Cellulose apparently is much more homogeneous (6) than condensa¬ 
tion polymers in general. Cellulose esters in which the ceUtdose rhame 
are somewhat shorter than in the starting material also have a narrower 
pohTtner distribution than condensation pol 3 miers are expected to show. 
In Table I, the d^ree of polymerization, or munber of imitc in the 
chain, and molecular weight of native and treated cellulose, and ite 
esters, are shown, as estimated from viscosity data by Kraemer (3). 

It will be seen that cellulose is reduced in molecular size by rht»niira| 
treatment. In many cases this breakdown is controlled to produce 
products of the desired viscosity (2,5). 

Cellulose is made up of glucose units (I), the dimer, cellobiose (II) 
being the simplest unit. The structure of native cellulose, using the 
molecular wei&'ht in Table I. is shown below ini'!. 
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The ring structure of cellulose was suggested by Haworth- The 
arrangement of the chains has been established from the X-ray pattern. 

The unit is 10.3 A, the length of the ceUobiose unit, by &3 by 79 A, 
and contains Eve ceUobiose units. Mark has suggested that hydn^en 
bonds are formed between chains (IV). 






c c 

\ / 

CH 2 OH - O—CH 

I HI 

O C—OH 



IV 


These bonds are weaker than chemical bonds but are a factor in the 
strength and physical properties of cellulose fibers. 

In the manufacture of paper by treatment of wood with alkalies or 
sodium sulfite, lignin is dissolved. Lignin may be prepared from wood 
removal of the cellulose by hydrolysis with 72 per cent sulfuric acid 
or by fuming hydrochloric acid. Lignin is probably broken down some¬ 
what in the extraction from wood (8). 

The structure of lignin has not been entirely clarified. Hibbert has 
suggested an empirical formula C 42 H 3206 ( 0 CH 8 ) 5 ( 0 H )5 for '‘native*’ 
lignin since phenol ethers are formed on decomposition of lignin. 
Vanillin (V) is produced from lignin extracted from wood in the sul¬ 
fite process for making paper. 

H 

O OCH3 


H 

V 

Lignin softens on heating and has been used as a binder for molded 
pieces. Since it does not harden greatly on heating, the mold or press 
platens must be cooled. Phenolic resins have been added to lignin to 
give compositions which harden on heating. 

Lignin is available in large quantities and at low cost as a by-product 
of paper manufacture, and considerable effort has been expended on a 
study of its utilization. Lignin is offered in powdered form and wood 
chips or paper saturated with lignin for use in molding or as an ad¬ 
hesive sheet. Only dark-colored products are possible from lignin. 

Pressed boards are also made in which the lignin in the wood is said to 
be utilized sis the binder. 

Cellulose contains three alcohol groups in each glucose unit in the 
diain. These groups can be esterified by mineral acids. The nitrate 
ester was first prepared in 1845 by Schonbein, who found that it could 
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best be formed using mixtures of nitric and sulfuric adds. Cellulose 
nitrate was first used in explosives. Its use in plastics was not accom¬ 
plished until 1867. when Hyatt showed that the addition of camphor 
gave a plastic material. This mixture has been ufidely used as a plastic 
material and is still used in large voltune in plastics, although other 
cellulose esters are now more common in this field. Cellulose ni¬ 
trate is often referred to as nitrocellulose. This term is not correct 
since cellulose mtrate is an ester of nitric acid of the tt-pe ROXO 2 , 
and not a nitro compound of the t\*i>e R—NO 2 , as nitrobenzene, 
C6H5XO2. 

Raw Materials, For the manufacmre of cellulose nitrate, cotton 
linters are often used, although purified paper pulps of high alpha cellu¬ 
lose content are also used. The linters are carefully washed to remove 
foreign materials. The cellulose is dried to a low moisture content 
before nitration, since the presence of water interferes with nitration. 

Xitric acid is usually made by the catalytic oxidation of ammonia: 

NH3 + 2O2 HNO3 + H2O 

Sulfuric acid is formed by the oxidation of sulfur dioxide, the sulfuric 
trioxide being absorbed in sulfuric add and redudng its water content. 

SO2 +02—*^ SO3 
H2SO4H2O + SO3 2H2SO4 

The sulfuric acid enters into the reaction but slightly and is largdy 
recovered. It is diluted in the nitration, however, and must be concen¬ 
trated. 

Preparation of Cellulose Nitrate 

Cellulose nitrate can be prepared by the action of fuming nitric add 
( S.G.. 1.5 ) on cellulose. Unless a large excess of nitric add is used, 
nitration is incomplete since the w'ater formed dilutes the nitric add 

and stops the reaction. 

The use of strong sulfuric add permits the more complete utilization 
of the nitric acid. Lange and Bebie (/ ) have shown that the nitre^en 
content in cellulose nitrate decreases as the water content of the mix¬ 
ture ns increased (Table II). The nitrogen content may also be con¬ 
trolled by the amount of nitric acid used, which is often done. 

Purified and dried cellulose containing about 1 per cent of moist- 
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TABLE II 

Preparation of Cellulose Nitrate 
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ure in the form of loose fibers from linters and dense chips from paper 

pulp is added to the mixed sulfuric and nitric acids (1). The mixed 

add contains 30-70 per cent sulfuric acid, 15-60 per cent nitric acid. 

and up to 20 per cent water, depending on the type of cellulose nitrate 
to be produced. 


The acids serve to swell the cellulose and also tend to hydrolyze it. 

Sulfuric add is used to take up water formed in the reaction; other 

dehydrating acids may be used. Heat is evolved in nitration, and the 

temperature is carefully controlled. When the nitration is complete. 

die cellulose m'trate is separated from the nitrating acid in a centrifuge. 

The spent add may be concentrated and fortified with nitric acid and 
used again. 


The cellulose nitrate is washed with water on the centrifuge to re¬ 
move free adds.^ Sulfuric esters of cellulose are formed in the nitra¬ 
tion, and they must be removed to produce a stable material. This is 
accomplished by a thorough washing with large volumes of water. 

Water is removed by displacing with alcohol and squeezing out the 
excess in a hydraulic press. Cellulose nitrate is usually supplied con¬ 
taining about. 15 per cent alcohol or other solvent. 


Properties of Cellulose Nitrate 

The properties of cellulose nitrate depend on the degree of polymer¬ 
ization and on the extent of nitration. The fully nitrated cdlulose, the 
trinitrate (VI), contains 14.6 per cent nitrogen, the dinitrate (VII) 
11.13 pa- cent, and the mononitrate (VIII) 6.77 per cent. 
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VIII 


The mononitrate has been written with the primary alcohol group 
esterified. Since this group esterifies more readily than the secondary 
alcohol group, it is likely that this mononitrate is present in the greatest 
amount, but some secondary nitrate is probably also present. 

On fractionation of cellulose nitrate, it has been found that the frac¬ 
tions have greatly different viscosity characteristics. The nitrogen con¬ 
tent of the fractions, however, is uniform. This indicates that the 
chains are uniformly nitrated and that the segments of shorter chains 
are not nitrated to any greater extent than the longer ones. 

As we have seen in Table II, the solubility varies greatly with the 
nitrogen content. This is carefully controlled, depending on the use 
of the particular type of cellulose nitrate. For explosives, nitration is 
carried nearly to completion, and a nitrogen content of 12.2 to 13.8 is 
employed. Plastics grade is approximately the dinitrate, having a nitro¬ 
gen content of 10.5-11.5, whereas for lacquers the value is slightly 

higher, 11.5—12.2. 

The degree of polymerization is controlled by choice of cellulose used, 
the conditions of nitration, and finally heat treatment after nitration. 
As we have seen in Table I, the dynamite grade of cellulose nitrate has 
the highest degpree of polymerization, which approaches the values for 
native cellulose. Nitrocellulose for lacquers represents the other ex- 
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treme, for here the chain length has been reduced to enable the solids 
content of cellulose nitrate lacquers to be increased without increasing 
the viscosity. Thus the degree of polymerization of cellulose nitrate 

may vary from 175 to 3,500, or a ratio of 1 to 20. 

Cellulose nitrate of still lower degree of polj’rnerization is present in 
lacquer-grade cellulose nitrate. This has been fractionated by Spurlin 
(10), and fractions of much lower degree of polymerization were found 
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present.’ Fractions with degrees of polymerization of less than 50 and 

over 300 were foimd in a sample having an average degree of polymer¬ 
ization of 175. 

Fractionation was accomplished by precipitating a 10 per cent solu¬ 
tion of cellulose nitrate in acetone by the gradual addition of heptane. 
The fractions were dried, redissolved in acetone, and fractionated again. 

The final precipitation was made from a 5 per cent solution in acetone. 
The distribution is shown in Figure 1 (9), 

Utilization of Cellulose Nitrate 

Celltilose nitrate, which is used as plastic, is usually produced in the 
form of sheets, rods, or tubes, fabricated into a wide variety of objects. 
CeUulose nitrate for plastics has a higher d^e of poljmierization than 
that used for lacquers and a somewhat lower nitrogen content. The 
i^ee of polymerization is about 250 and the nitrogen content about 
11 per cent. The lower nitrogen content results in lower flammability-. 
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Cellulose nitrate for plastics is supplied in flake form and contains 

some alcohol. Plasticizers and additional solvent are thoroughly 

blended in an internal mixer and filtered to remove any particles of 

extraneous matter. Pigments or dyes are added, and the mixture is 

worked on roll mills, much of the solvent evaporating during this opera¬ 
tion. 

Camphor is still largely used as the plasticizer for cellulose nitrate, 
but other plasticizers are frequently used with camphor. The use of 

chlorinated hydrocarbons or aryl phosphates as plasticizers reduces the 
flammability of nitrocellulose. 

After being rolled, the mixture is placed in molds somewhat larger 
than 20 by 50 inches, the usual size of celluloid sheets, and heated 
under pressure until the residual solvent is largely removed. The 
blocks are then sliced to the desired thickness, sheets 0.007 to 0.05 inch 
thick being sliced for various uses. Since these sheets are not entirely 
free of solvent, they are allowed to age in warm rooms until free of 
solvent. 

The sheets are then straightened and polished, if desired, by pressing 
between metal plates with application of heat. These sheets can be cut, 
sawed, punched, or drilled. They may be molded at 160 to 200° F 
under pressure. 

The plasticized and pigmented nitrocellulose containing solvent can 
be extruded in sheets and rods. Unusual decorative effects may be ob¬ 
tained from mixes containing several colors. The extruded rod and 
tubing must be aged to remove the solvent and subsequently straight¬ 
ened. Because of the flammability of nitrocellulose it is shaped at low 
temperatures in the presence of solvents as far as is possible. Because 
of the high temperatures necessarj’' in injection molding (300-500° F), 
cellulose nitrate cannot be employed. 

Typical applications of cellulose nitrate plastics are bag frames, foun¬ 
tain pens, golf-club parts, toys and novelties, piano keys, toothbrush 
handles, and eyeshades. 

Cellulose nitrate is widely used in the manufacture of fast-drying 
lacquers. The use of such lacquers for finishing automobiles greatly 
expanded this application of nitrocellulose. Polyester resins are often 
used in combination with cellulose nitrate in lacquers. The trend has 
been to increase the amount of fxilyester resins. 

Cellulose nitrate of low viscosity is much used in lacquers since a 
higher solids content is possible, and varieties of considerably lower 
viscosity than were formerly available are now offered. As cellulose 
nitrate lacquers are often applied by spray guns, solutions of low viscos- 
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ity must be used, and, unless a high solids content in the lacquer is ob¬ 
tained, the cost of solvents is considerable. 

The nitrogen content of lacquer-grade cellulose nitrate is 11.5 to 12.2 
per cent, and the degree of polymerization runs approximately from 

100 to 400. 



% Second Component 
Fig. 2. 

The viscosity type of lacquer cellulose nitrate is measured by the 

time of fall of a steel ball to 10 inches in a 12.2 per cent solution at 

25° C; for the lowest viscosity, 20 per cent and 25 per cent solutions 

are used. The viscosity of the 12.2 per cent solution, however, is used 
to designate these low-viscosity types. 

The grade of nitrocellulose most widely used is desginated as resin 
soluble and is available in 25 centipoises, ^ second, Y, second, 6 sec- 
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onds, 30 seconds, 70 seconds, 150 seconds, and up to 1,000 seconds 
■vascositj*. 

If it is desired to produce a mixture having a given viscosity from 
samples of higher and lower viscosity, a blending chart (Figure 2) is 
useful. This same type, of diagram may be used for other tvpes of 
resins that are used in solution form. 

There are many solvents which may be used w4th cellulose nitrate 
lacquers. Usually several solvents are used, with diluents to low^er the 
cost of the lacquer. WTiere there are several solvents of diflFerent rates 
of evaporation, it is essential to have enough high-boiling good solvents 
present to keep the resin in solution. 

Solvents for lacquer-type cellulose nitrate are the lower esters; 
methyl acetate, ethyl acetate, but 3 'l acetate, and amyl acetate, ketones, 
acetone, diacetone, and anhydrous alcohol. The lower alcohols, methyl 
to amyl, are classed as latent solvents since they may be used \\4th the 
above solvents without greatly affecting their solvent powers. Aro¬ 
matic hydrocarbons are used as thinners in presence of the above 
solvents. 

To plasticize cellulose nitrate, high-boiling esters, as the cresyl or 
phen^d phosphates, and phthalate esters are used. Castor oil and cam¬ 
phor have also been used. The polyester resins, however, are also 
wddely used to plasticize cellulose nitrate. The resins from sebacic acid 
and from phthalic anhydride and castor oil or other non-drying oils 
have been widely used w’ith nitrocellulose. 

It is also possible to use a higher content of polyester resins if they 
have drjdng properties and harden on exposure to air. ^Maleic rosin 
resins are also used with cellulose nitrate to increase their gloss and 

hardness. 

Cellulose nitrate may also be prepared in emulsion form. This is 
made by emulsifying a viscous solution of cellulose nitrate in water- 

immiscible solvents. 

Cellulose nitrate lacquers are widely used where rapid-drjnng pro¬ 
tective coatings are required. They are used particularly on metal sur¬ 
faces such as automobile finishes, machinery, artificial leather, paper, 

and in many other ways. 

REVIEW QUESTIONS 

1. Why is it necessar>^ to control the degree of polymerization and nitro- 
gen content of cellulose nitrate, and how is each properly controlled? 

2. How can the flammabilit>' of cellulose nitrate be reduced? 

3. Outline briefly steps in preparing sheets of cellulose nitrate. 
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4. State advantages of low-viscosity cellulose nitrate in lacquers. 

5. How ean the uniformit>- of a sample of cellulose nitrate be detei 

mined? 
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CHAPTER 13 


CELLULOSE ESTERS OF ORGANIC ACIDS 

Cellulose acetate was first prepared in 1865 by Schutzenberger and 
Xaudin. It was first prepared in a highly acetylated form which is 
soluble only in chlorinated solvents. The preparation was made from 
acetic anhydride and cellulose under pressure and was a slow reaction. 
The triacetate was of little industrial importance. Miles, in 1903, 
showed that the triacetate could be hydrolyzed to the diacetate, which 
is soluble in acetone. This discover)-, coupled with improved methods 
for producing the triacetate, led to the development of cellulose acetate 
on a commercial scale. It was used in 1917 as a protective coating on 
airplane wings, and later cellulose acetate was developed as a fiber. Its 
use as a plastic dates from the early 1930*s, and its consumption in 
molding has greatly increased in recent years. It was first used in 
much the same w'ay as cellulose nitrate, but the development of injec¬ 
tion molding opened a new field in which cellulose acetate has played 

a large part. 

Raw Materials 

Cellulose from cotton linters is widely used for the manufacture of 
cellulose acetate, although cellulose from paper pulps has been used 
particularly in Europe. Some investigators have recommended a pre¬ 
treatment of cellulose to swell it and assist the acet>-lation; mineral 
acids and oxidizing agents are the usual reagents su^ested. 

Acetic anhydride (I) is prepared commercially by three methods, 
the oldest being the reaction of sulfur chloride with anhydrous sodium 

acetate, 

CH3C=0 

NaOOCCHs + S 2 CI 2 

CHaC^ 

I 

The other two methods start with acetylene. One involves the decom¬ 
position of ethvlidene diacetate (II) from acetic acid and acetylene. 
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II 

The acetaldehyde can be oxidized to acetic acid and reused. The 
most recent method is the controlled oxidation of acetaldehyde. The 
oxidation ihust be interrupted before completion or the anhydride is 
hydrolyzed and only acetic acid is formed. 



Preparation of Cellulose Acetate 

Attempts to prepare cellulose diacetate from cellulose in one step 
have not been successful and have resulted in mixtures of triacetate 
and cellulose that are only slightly acetylated. As we have seen, cellu¬ 
lose dinitrate can be prepared in one step, but the diacetate cannot be 
prepared in this way. The cellulose on the surface of the fiber is ap¬ 
parently completely acetylated before the inner layer is attacked. In¬ 
stead the triacetate is formed and hydrolyzed to remove the desired 
amount of acetate groups (4). 

Ac^c add is usually used as the solvent in the acetylation, but 
chloi^ted solvents are used in one process. In addition to acetic an¬ 
hydride and acetic add or chlorinated hydrocarbon, a small amount of 
sulfunc add is added. This is believed to combine with cdlulose to 
form an ester which reacts with acetic anhydride more readily than 
does cellulose, liberating the sulfuric add for further reaction. As 
acetylation proceeds, the amount of combined sulfuric add decreases. 
OAer mineral acids catalyze the acetylation, and of these perchloric 
aad IS more active than sulfuric. It has also been suggested that rain¬ 
ed acids promote the acetylation by swelling the fibers which may be 
e physical eflFect of the reaction with the fibers. The acetylation is 

camrf out at 20 to 40“ C, and is complete when the ester is entirely 
Soluble in chloroform- 
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This triacetate contains 43-44 per cent acetyl groups and some com¬ 
bined sulfuric acid. These sulfate esters must be removed since their 
presence renders cellulose acetate unstable. 

The hj-drotysis of the triacetate is effected by adding dilute acetic 
acid to its solution until 5—10 per cent of water is present and heating 
a few hours at 60—70° C, or by allow'ing the solution to stand at ordi¬ 
nary,- temi>eratures. The degree of polymerization is not greatly aflFected 
bv this hydrolysis. The hydrolyzed acetate is precipitated and washed 
thoroughly with water until it is neutral and dried. 


Structure of Cellulose Acetate 

Since cellulose diacetate is prepared from the triacetate by hydrolysis, 
it might be expected that the primary alcohol groups in the glucose seg¬ 
ment would be free because the esters of these alcohols hydrolyze more 
readily than those of secondarj- alcohols. Determination (2,3) of the 
free hj'droxjl groups has shown that the secondar>- alcohol groups are 
also hydrolyzed to an appreciable degree. In a sample containing 0.67 
free hydroxyl group per glucose unit, at least 0.22 free primary hy¬ 
droxyl group (III) was present and 0.35 to 0.45 free secondary (IV) 

(V) hydroxyl group. 
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Three possible diacetates exist, and, if monoacetates were present, 
the form (VI) might be present in some of the glucose segments. 
About one glucose unit in a hundred in the hydrolyzed acetate has 
this structure, however, indicating a quite uniform content of acetyl 
groups along the chain. 
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This is consistent wnth the finding (5) that fractionated samples of 
widely different degrees of poh-merization from the same cellulose 
acetate have very much the same acetyl content. 

It has been suggested that acetone solubility of cellulose acetate is 
due to the free primary alcohol groups (III) in hydrolyzed cellulose 
acetate. Since the primary group is esterified much more rapidly than 


the secondary groups, the content of free primary hydroxyl may be 
quite low in cellulose acetate which has not been hydrolyzed. 

The degree of acetylation is expressed as the acetyl content or acetic 
acid content. Acetic acid content can be converted to acetyl by multi¬ 
plying by the factor 0.717. 


The theoretical acetyl content of the various cellulose acetates is as 
follows: 


Cellulose 

triacetate 

44.8 

Cellulose 

diacetate 

35.0 

Cellulose 

monoacetate 

21.1 


Commercial cellulose acetate is available in a rather wide range of 
acetyl contents, depending on the use to which it is to be put. Table I 
shows the usual range of acetyl content for various uses (1). 

The degree of polymerization varies somewhat according to the ap¬ 
plication of the cellulose acetate. For lacquers the degree of polymer¬ 
ization may be below 200, but for plastics it is somewhat higher, prob¬ 
ably nearer 300. Cellulose acetate for plastic use is offered in several 
viscosit^’^ ranges. 
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TABLE I 

COMMERCLXL TyPES OF CELLULOSE AcETATE 

% Acetyl 

Triacetate 42.5-44.5 

Plastics 40.5-42.0 

Film 39.5-41.5 

Fibers 38.0—39.5 

Lacquers 38.5—39.5 

Plastics 36.5-38.5 

Therefore, an average molecule of cellulose acetate for plastics might 
be pictured as made up of 300 )8-glucose units, of which 75 are fully 
acetylated (VII), 3 units are the monoacetate (VI), about 90 may be 
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diacetate groups with a free primary alcohol group (HI), and the re¬ 
maining 132 units diacetate groups with a free secondary alcohol group 

(IV) and (V). 

Properties of Cellulose Acetate 

Cellulose acetate is supplied as a white fibrous powder which melts at 
200-290° C. It does not melt sharph^ but softens over a wde range. 
Some of its properties are given in Table II. The triacetate is soluble 
only in chlorinated solvents, chloroform being one of the best, and is 
seldom used in solution. The diacetate is soluble in acetone and al¬ 
cohol. The presence of 2 to 3 per cent of water in the solvent lowers 
the viscositv of the solution appreciably. Figure 1 shows the viscosity 
of several tvpes of cellulose acetate in a mixture of nine parts acetone 
and one part ethyl alcohol. :Methanol in place of ethanol ^ves a 
slightly higher viscositv, and nitroparaffins and ethylene dichloride are 



Viscosity* Poises 
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good solvents, particularly when mixed with 10 to 20 per cent ethanol. 
Methyl ethyl ketone is a good solvent and dioxane is a fair solvent. 

TABLE II 

Cellulose Acetate Properties 



44.5 


41.5 


% Acetyl 



Water absorption at 25® C 

Permeability 

Melting point “ C 


3.5 6.0 

4.0 4.5 

270-290 260-280 


8.6 15.1 16.0 

5.0 7.0 

240-260 235-245 250-270 


It wnll be noted in Table II that cellulose acetate resistance to mois¬ 
ture improves as the acetyl content increases. Cellulose triacetate, now 
available for molding, is used where improved resistance to moisture is 
required. The melting point passes through a minimum at about 38 
per cent acetyl content. The melting point is slightly less with a lower 
degree of pol>TTierization. 

Commercial cellulose acetate for rayon has been carefully fraction¬ 
ated. The average degree of pol}*merization of the starting material is 
194. The fractionation is effected (5) by adding ethyl alcohol to a 
solution of the cellulose acetate in acetone. Fractions are obtained 
having degrees of pol}'menzation of 25 to 300. The differential weight 

distribution curve is shown in Figure 2. 

The viscosity of blends of cellulose acetate of different types may be 

estimated, using the blending chart for nitrocellulose (p. 239). 

Cellulose acetate is not especially miscible with other resins, but poly¬ 
vinyl acetate, certain alcohol-soluble urea formaldehyde resins, sulfon¬ 
amide-formaldehyde resins, and a few phenolic resins may be used with 


cellulose acetate. 

Phthalate esters are largely used as plasticizers for cellulose acetate, 
the methyl ester and methyl phthalyl ethyl glycollate being the m<Kt 
readily miscible. These methyl esters are somewhat volatile, and the 
ethyl and butyl esters are also employed. Frequently mixtures of plas¬ 
ticizers are used, such as a mixture of phthalate ester, phtl^yl g y<® 
late ester and a phosphate ester. Camphor has been used with celldose 
acetate but does not act as a softener. The water resistance of c^ulose 
acetate films is somewhat improved by proper choice of plasticizers. 





^*ater resistance also improves with higher acetyl content, and higli 
cetyl content resins have recently been introduced where improved 
'ater resistance in cellulose acetate is required. Glycerol esters of 
)wer fatty acids have been used as plasticizers, but they generally are 
olatile and subject to hydrolysis. 

TABLE III 

Effect of Plasticizers os Cellulose Acetate 



] 

; f- 

c 

Plasticizer 

* 

Butyl 

Phthalyl 

Butvl 

Glycolate 

i Ethyl 

Phthalyl 

Ethyf 

Glvcoiate 
- 1 

1 Methyl 
Phthalyl 
Ethyl 
Glvcoiate 

m 

ensile Strength kg/cm- 

0 

528 ; 

528 

1 ' 

1 

528 


25 

470 

472 

1 468 

j 

1 50 

315 

256 

266 

1 

1 

( 

! 75 

243 

136 

1 

144 

1 Elongation 

' 0 

2.3 

2.3 

2.3 


25 

1 

6 

; 5.7 

1 10 


50 

12.3 

14.7 

' 24.7 


75 

13.3 

28 

* 

i 

35.3 


The effect of plasticizers on cellulose acetate is shown in Table III. 
le addition of plasticizers results in a decrease of tensile strength but 
increase in elongation. The esters of lower molecular weight have 
more pronounced effect at a given concentration. 

Plasticizers are not held very firmly by cellulose acetate and they are 
ten lost by volatilization or solution if exposed to water, weather, or 
^h temperature. In each case part of the plasticizer is held much 
)re firmly than the remainder. Usually 10 to 20 per cent of plas- 
izer is retained even after long exposure. The rather different phys- 
J properties imparted by the same amount of various plasticizers is 
3wn in Table IV. It will be noted that the “good’’ plasticizers give 
fter compositions with lower flexural strength. 

In making cellulose acetate molding powders, flake cellulose acetate 
blended with plasticizers and pigments or dyes and mixed on heated 
Is. The sheets thus formed are thoroughly mixed and cooled. They 
- then ground up and sieved to size. For injection molding a fairly 
ge grange is employed. These granules are offered in a wide variety 
colors, in several degrees of plasticity, and for injection or compres- 
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TABLE IV 


Hardness and Strength of Plasticized Cellulose Acetate 
(66 parts cellulose acetate plastics grade, 34 parts plasticizer) 


Plasticizers 


Solution 


Flexural 1 % Water 
Rockwell -..u 

Temp., °C 1 Hardness j ’ 


Absorp> 

tion 


Diethylene glycol propionate 
Diethyl phthalate 
Methyl phthalate 
Methyl phthalyl methyl glycolate 
/>-Toluene sulfonamide (28 pts.) 
Triphenyl phosphate (28 pts.) 


123 

140 

120 

148 

133 

180 


45 

15 

32 

65 

75 

81 


4,500 

5,680 

5,840 

7,110 

6,860 

9,020 


1.48 

1.20 

1.14 

0.77 

0.94 

1.17 


sion molding. Often a wide variety of degrees of flow are offered and 
are designated bv hard or soft numbers, varying in hardness or soft¬ 
ness. Granules % inch to % e inch are supplied. For special properties 
such as high impact strength or hardness, special molding powders are 
available; and a special grade is available for easy welding, high flow, 

and with other special properties. ,. 

Cellulose acetate is also supplied in blanks %2 inch to 1% inches 

thick and in sheets %2 to 1% inches thick and up to 20 inches by 25 

inches in area. It is also offered in powder form. 

Cellulose acetate molding powders are offered in crystal, clear colors, 

translucent and opaque. \^ariegated pearl effects with iridescent luster 

are also produced. ^ 

The values for hard and soft materials (Table V) represent extoeme 

values, but they reflect the rather wide variation in properties that is 

possible bv control of the amount or type of plasticizers us^. 

Cellulose acetate is the most widely used thermoplastic molding mate¬ 
rial \ wide variety of materials is molded by both compression and 
injection molding methods. Many of them are familiar, suA ^ Ae 
knobs, control buttons, and decorative stripes on steenng wheels. Othe 
uses are keys for adding machines, jar covers, gannent hangers, combs, 
radio-dial knobs, spectacle frames, radio grills, transparent oil caps. 

costume jewelry, and telephones. tmflp 

Cellulose acetate is also used in the manufacture of rayon. ^ 

somewhat similar to the grade used for plastics is em^oy^ ^ 

p„nK.«. Th« aceta,. is dissolved in a«o..e . 


ilso for motion-picture and photographic film, particularly for the non- 
9anunable or safety film. 

Cellulose acetate is one of the toughest of thermoplastic resins. It 
IS softened somewhat by water, and its clarity, satisfactory for many 
rises, is not equal to the acrylates. Cellulose acetate may also be ex- 
xuded in the form of rods, tubing, and strips. Recently such strips 
n a wide variety of colors have been offered in place of stainless steel 
md aluminum strips for decorative effects. The molding grade mate- 
■ial may be used, and plasticized granules may be fed directly into the 
urtrusion machine. 

The properties of the molded pieces will vary considerably with the 
ype of powder used. Table V shows how these properties may var>- 
vith flow properties of the material. 


TABLE V 


Properties of Molding Grades of Cellulose Acetate 



lellulose Esters of Higher Fatty Acids 

Many of the cellulose esters of fatty acids have been prepared. They 
lay be prepared by the same methods as cellulose acetate, and the cor- 
jsponding acid anhj'drides for the propionic and butyrate esters are 
sed. For higher esters, the acid chloride is condensed with cellulose 
1 the presence of pyridine in benzene solution. It is also possible to 
repare higher esters from cellulose by heating with the fatty acids in 
le presence of acetic anhydride or chloroacetic anhydride. 

The solubility properties of cellulose esters change greatly as the 
lain len^ of the fatty acid increases. We have seen that cellulose 
iacetate is soluble in only a few solvents. Cellulose butyrate is soluble 
J a much wider variety of solvents, as ketones, esters, and mixtures 
f aromatic hydrocarbons and alcohol. Cellulose laurate and esters of 
g er fatty acids are soluble in aromatic hydrocarbons. Acetone is 
It a solvent for the cellulose esters of the higher fatty acids. 
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The esters of single fatty acids are not offered commercially^ but 
lixed esters are chiefly the acetate propionate and acetate butyrate, 
liey are recommended principally for extrusion, molding, and for 
icquers. The advantages of these materials over cellulose acetate are 
wider choice of solvents and plasticizers, a better retention of plas- 
idzers, and better water resistance. Their composition is given in 
:able VI. 

These materials are offered in several viscosity ranges. The low 
lutyryl content acetate-butyrate is soluble in acetone, methyl ethyl 


TABLE VI 

Cellulose Esters of Higher Organic Acids 



Cellulose 

Cellulose 


Acetate 

Acetate 


Propionate 

Butyrate 

% Acetyl 

15 

32 IS 

% Propionyl 

33 

tfi 

% Butyryl 


16 3o 

Specific gravity 

1.24 

1.25 1.21 


ketone, diacetonc, dioxane, methyl acetate, and chlonnateO solvents. 
The acetate-propionate and high butyryl content acetate-butyrate are 
soluble in the above solvents; also in butyl acetate and mixtures o£ aro¬ 
matic hydrocarbons and alcohol 

A wide variety of phthalate, phosphate, phthalate-glycolate, and seb- 
acate esters may be used with these mixed esters. A lower ainount 
is required than with the corresponding acetafe esters. The higher 
butyryl content ester requires less plasticizer for a given hardness than 

the lower. . . - • 

These mixed esters are compatible with a limited number of re^ 

including rosin, oxidized rosin, a few phenolic resins, and polyvmyl 

acetate These ceUulose esters are used largely for lacquers, partim- 

larly the acetate-propionate, and for molding and extrusion where Ae 

acetate-butyiate is employed. For uses where the moisture s^ce^ 

WUtv of cellulose acetate is too great, the acetate-butyrate may be used 
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REVIEW QUESTIONS 

1. V hat methods are employed to produce cellulose diacetate? 

2. Discuss the effect of acetyl content on the properties of cellulose 
acetate. 

3. What advantag'es does cellulose acetate but>’rate possess over cellulose 
acetate ? 
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CHAPTER 14 


CELLULOSE ETHERS 

Cellulose ethers have been developed more recently than the esters 
ivhich have been considered above. Suida. in 1905. methylated cellulose, 
and in 1912 Leuchs. in Germany. Lillienteld. in Austria, and Dreyfus, 
in France, obtained patents on methods of preparation of cellulose 
ethers. Since that time the ethers have been extensively studied, and 
ethvl- and methvlcellulose have recently been produced in commercial 
quantities. The present production of cellulose ethers is not large when 
compared to the production of cellulose esters, but their production has 
been greatlv expanded since their introduction. At present, they are 
employed largely in war work. 


Raw Materials 

Methyl sulfate (I) is prepared by the action of sulfuric acid on 
methanol; methyl chloride (II) by chlorination of methane or from 
methanol Ethyl sulfate (III) is prepared by the action of sulfunc 
acid on ethylene or ethanol. Ethyl chloride (I\ ) may be prepared by 
the addition of hydrogen chloride to ethylene or by the chlorination of 

ethane. CH 3 OH + H 2 SO 4 (CH 3 ) 2 S 04 

I 


CH 4 + CI 2 CH 3 CI 

II 


H'>C=CH> + H 2 SO 4 (C 2 H 5 ) 2 S 04 

III 

H.,C=CH 2 + HCl C 2 H 5 CI 

I\^ 

Cellulose is prepared from linters or wood pulp. For manufacture 
of cellulose for ethers, it is not dried since they are prepared m aqueous 

solutions. 
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sodium hydroxide containing 50 to 70 per cent solids is used. An ex¬ 
cess of alkali is required since an excess of alkyl chloride would result 
in neutralization of the alkali and liberation of hydrochloric acid, which 
would lower the viscosity of the cellulose ether and cause corrosion of 
the equipment. 

The etherification for highly substituted ethers is carried out at ele¬ 
vated temperatures. If chlorides are used, it is necessary to use a 
pressure vessel since methyl and ethyl chloride are highly volatile. It 
has been shown (2) in the formation of the benzyl ether from benzyl 
chloride that the rate of reaction is determined by the rate of diffusion 
of the reagents into the cellulose and the rate of ether formation. If 
ether formation proceeds faster than diffusion, the surface of the cellu¬ 
lose fibers is coated with water-insoluble benzylcellulose which blocks 
further reaction. At 60° C the rates are approximately equal, and ben¬ 
zylcellulose is readily formed at this temperature. 

In the manufacture of ethylcellulose the cotton linters are first di¬ 
gested under pressure with a strong caustic soda solution and then im¬ 
mersed in more caustic solution to form alkali cellulose. This is 
charged into pressure kettles and ethyl chloride is pumped in. Ethyl 
alcohol and ether are formed as by-products of the hydrolysis of ethyl 

chloride, and excess ethyl chloride must be added to make up for mate¬ 
rial thus used up. 

After the ether formation is complete, the ethylcellulose is dropped 
into a nickel alloy centrifuge, spun, and washed with water. The ethyl¬ 
cellulose is then dried in ovens. This dried ethylcellulose is flaked, or 

worked on rolls with plasticizers and pigments, ground, and sieved to 
the desired size. 

Properties of Cellulose Ethers 

As in the case of cellulose esters, the degree of substitution greatly 

modifies the properties of cellulose ethers. The stage of substitution 

at which the properties change is partially dependent on the size of the 

added group. With the lower alkyl ethers, alkali-soluble compounds 

are formed when one of the hydroxyl groups is substituted. When 

one to one and one-half hydroxyl groups are etherified, the material 
becomes soluble in water. 

It has been shown that if etherification is carried out in the presence 
of quartemary ammonium bases, solubility is achieved at a lower sub- 
sti^tion. Such bases dissolve cellulose, and the ether groups are more 
umformly distributed throughout the chain. Thus a chain with only 
mono- and diglucose ether units present would be more readily soluble 
than one with a fraction of unetherified glucose units. 
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WTien 2 to 2.5 alkyl groups are substituted in cellulose, ethers are 
formed which are soluble in organic solvents. This type of ether is 
used for plastics and lacquers. Cellulose ethyl ether is the most im¬ 
portant ether commercially. \\Tien the degree of substitution is in¬ 
creased above 2.5 alkyl groups per glucose segment, the ethers are much 
less soluble in organic solvents, p>articularly in alcohols and polar solv¬ 
ents. 

It has been found (3) that of the unetherified groups in a sample 
of ethylcellulose, containing 2.4S ethoxyl groups per glucose unit, 0.12 
primarv hydroxyl group was present and 0.40 secondary hydroxyl group 
was present. Of the secondary groups, 0.13-0.15 were in the 2-position 
in the ring and 0.24-0.28 in the 3-position. It was estimated that one 
glucose group in every hundred had the glycol umt, with two free sec¬ 
ondary hydroxyl groups. 

This means a characteristic molecule of ethylcellulose with a d^ee 
of polymerization of 300 would consist of 

144 triethyl glucose segments (V) 

3 glycol units (VI) 

44 20H diethyl glucose segments (VII) 

75 30H diethyl glucose segments (VIII) 

34 60H diethyl glucose segments (IX) 



V 




VIII 
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IX 


This molecule, though complex, is probably simpler than the actual 
molecule, which may contain more monoethyl glucose units than has 
been indicated here. Even such a molecule is more homogeneous than 
would be expected from a random etherification of cellulose. 

The size of the alkyl groups also has a great effect on the properties 
of the ether .formed. The larger the groups, the lower melting the ether 



Fig. 1. 


and the more soluble it becomes in organic solvents. Cellulose ethers 
are much more soluble than esters, and ethylcellulose is soluble in a 
much wider range of solvents than is cellulose acetate. The softening 
point IS also dependent on the degree of substitution. Figure 1 shows 
the melting point of ethyl- and benzylcellulose at various degrees of 
substitution. It will be noted that in both cases the melting point passes 
through a minimum, and with the larger benzyl group this minimum 
occurs at a lower degree of substitution flE 
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The moisture absorption is lowered as the substitution is increased, 
and drops below 1 per cent as the degree of substitution approaches 3. 
The water solubility also depends on the ether group introduced : meth- 
ylcellulose becomes water soluble when 1.8 ether groups per glucose 
unit have been added, ethylcellulose at 1.2 to 1.4, and the butyl and 
higher ethers are not water soluble at any degree of substitution. 

The ether content is usuall}' designated as per cent methoxy. OCH 3 , 
or per cent ethoxy. OC 2 H 5 . The theoretical values for the various 
ethers are given in the following table (4). 




% 

Ether 

Methoxyl 

Ethoxyl 

Mono 

17.6 

23.7 

EH 

327 

41.3 

Tri 

45.6 

54,9 


M ethylcellulose 

:Methylcellulose has recently been offered commercially in the water- 
soluble variety. With man}- imported water-soluble gums no longer 

available, it has been in great demand. 

The methylation of cellulose to trimethylcellulose is a difficult task. 

The trimethvl ether is most readily prepared from cellulose acetate by 
reaction with methyl sulfate in acetone solution in the presence of sodium 
hydroxide solution. Trimethylcellulose is insoluble in acetone and al¬ 
cohols. but is soluble in aromatic hydrocarbons and chlorinated solvents. 

Water-soluble methylcellulose contains about 25-30 per cent methoxyl 
and is prepared bv the action of methyl chloride on soda cellulose under 
pressure. It is more soluble in cold ^^-ater than in hot. although it sweUs 
more readilv on warming. A solution in water which is fluid at ordi- 
nar}- temperatures will thicken and gel on warming. The temperature 
at which gelation occurs on heating depends on the strength of the 
solution and the ty-pe of methylcellulose. Low viscosity material at - 
per cent concentration gels at about 65° C, whereas the high Mscositj 

material will gel at 30° C at 10 per cent solids. 

Wethvlcellulose is a useful thickening agent for textile application. 
It has been recommended as an emulsifying and dispersing agent an 
can be used to disperse vinyl compounds which are to be poh-menzed 
in the emulsion form. It is edible and has been recommended as a base 
for mavonnaise. [Methylcellulose has also been used for paper sizing 
or coating, and in adhesives, particularly with starch and latex. 

The commercial material is sold in several grades, a 2 per c^t so u 
tion having a viscosin- range of 25 to 300 centipo.ses at 20 C .n the 

low viscosity to extra high tj'pes. 
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Ethylcellulose 

As we have seen above, ethylcellulose goes through an alkali-soluble 
stage, a water-soluble stage, and, with a higher degree of substitution, 
a stage in which it is soluble in organic solvents. At high degrees of 
substitution, ethylcellulose is soluble only in non-polar organic solvents. 

Of the ethyl halides, ethyl chloride is more reactive in formation of 
the ether than ethyl bromide, which is, in turn, more reactive than ethyl 
iodide. The higher chlorides, as propyl, butyl, and amyl, are succes¬ 
sively less reactive. 

Ethylcellulose is the most important of the cellulose ethers commer¬ 
cially. It is produced in the 45-50 per cent ethoxy range, which is sol¬ 
uble in organic solvents for use in lacquers and plastics. 

Properties and Application of Ethylcellulose. Ethylcellulose is 
soluble in a rather wide variety of organic liquids. The solvent giving 
solutions of lowest viscosity is a mixture of about 80 per cent aromatic 
solvent and 20 per cent ethanol. Aromatic naphthas may be used in 
place of a purely aromatic solvent, and butanol may be used in place 
of ethanol where a slower rate of evaporation is desired. 

Films of ethylcellulose are somewhat softer than films of cellulose 
nitrate or acetate and have lower yield points and tensile strength. The 
films of ethylcellulose, however, show a somewhat higher elongation. 

TABLE I 


Fuji Pkoperties of Cellulose Derivatives 


Cellulose Derivative 


Viscosity 

Type 


Yield 
Point. 
Ib/sq in. 


Tensile 
Strength, 
Ib/sq in. 


% 

Elongation 


Acetate 

Nitrate 

Acetate butyrate 
Acetate in'opioiiate 
Ethyl 2.3 etfaosy 
Ethyl 2.55 etho^ 
Benzyl 


E27 

J^sec RS 
Low 
Low 
15 cps. 
14cps. 
Low 


12,000 

11,000 

9,700 

8.550 
7.250 
6,760 

5.550 


12,000 

11,000 

9,700 

9.100 

8.100 

7.550 

5.550 


8 

8 

6 

15 

20 

20 

9 


Table I shows the comparative data on strength and elongation of films 
of cellulose derivatives. 


Films from ethanol and acetone are brittle, and those from ethyl 
m^yl Iretme are not smooth. Qther solvents for ethylceUulose are 
bufand, toluene, butyl acetate, and ethylene dichloride. Mixtures of 



alcohols and hydrocarbons are the preferred solvents. The viscosity 
of A-arious n-pes in a nifxtnre of 80 per cent toluene and 20 per cent 
ethanol is shoA\'n in Figure 2. 

A wide A’arietA' of plasticizers may be used with ethylcellulose; castor 
oil or phthalate. phthalate glycolate. and phosphate esters are among 
them. These esters are retained more completel 3 ’ than with cellulose 
esters, and onlA* the more volatile are lost on heating at 70® C. 



% Resin 


Fig. 2, 


I :•) I 


Ethylcellulose is compatible in all proportions with pure phei 
resins, rosin, and its esters, and compatible within limits with Ion 
and rosin-moditied polyester resins, urea resins, and many hydroca 
resins. Resins may he added to ethylcehulose to improve its gloss. 

Plasticizers are also added to improve the flexibility of the films. 

Ethvlcellulose is also used wth dr>nng oils and varnishes. In this 
case it mav be incorporated by dissohdng in solvent and adding to m 

oleoresinous varnish. Somewhat better solubility may be achieved by 

PtV.vlr*>llnlose in hot diving oil or dr>*ing oil-resm mix¬ 


tures at 225—250^ C. . • 1 1 

Ethvlcellulose is also used for coated fabrics and artificial leath^ 
vuch coatings have good flexibiUty at low temperatures. It may ^ 
applied in solution or blended with resins and plasticizers, or it nmy K 
melted and applied hot. EthylceUulose when plasticized is useful m 
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preparation of adhesives. Since a wide variety of thermoplastic resins 
may be used, heat-sensitive adhesives can be prepared. 

-Film and foil ethylcellulose are available and are used as a wrapping 
material and for electrical insulation. Moisture absorption is about 
1.5 per cent in humid atmospheres, and the dimensional stability is not 
appreciably affected. The plasticized film is flexible at low temperatures. 

Ethycellulose has also been used in plastics. The plastic granules 
are prepared by mixing with plasticizers and coloring materials. Only 
about 20 per cent plasticizer is required to give satisfactory flow, or 
about half the amount required with cellulose acetate; and the resist¬ 
ance to moisture is somewhat better. Ethylcellulose plastics can also 
be extruded, and very soft flexible tubing or sheets may be produced 
if a high content of plasticizer is used. 

Other Cellulose Ethers 

Benzylcellulose is formed by the reaction of cellulose and benzyl 
chloride in the presence of strong alkalies. It has not been produced 
commercially in this country. It is lower melting than ethylcellulose 
and is soluble in a wide variety of solvents, including acetone, ethyl 
acetate, benzene, and chlorinated hydrocarbons. It is resistant to mois¬ 
ture and has been used in lacquers and for plastics. 

Another cellulose ether which has been rather thoroughly studied is 
hydroxyethylcellulose, which is formed from ethylene oxide and alkali 
cellulose. If 1.5 to 2.5 ethylene oxide molecules are introduced in each 
glucose unit, the product is soluble in alkalies but not comi^etely sol¬ 
uble in water. Above 2.5 molecules substituted, the ether is soluble in 
water. The hydroxyethylcellulose ethers may be spun into filaments 
some\riiat similar to rayon. They may be nitrated to give nitrate esters. 

REVIEW QUESTIONS 

1. State briefly the steps in the preparation of cellulose ethers. 

2 . How do the properties of cellulose ethers change as the degree of 
substitution is increased? 

3. What advantages do cellulose ethers possess as compared to the 
esters? 
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Rubber, like cellulose, is a naturally occurring substance wliidi can 
be modified by chemical treatment to produce new materials ol rather 
different properties. At the present time, with cessation of imports of 
rubber and with production of synthetic rubber being expanded so rap¬ 
idly, consideration of resins from the natural product seems to be of 
only historical interest. Already attempts have been described to pro¬ 
duce synthetic resins from synthetic rubber, comparable to those made 

from natural rubber. 

^wo methods have been used in producing resins from rubber, first 
by adding molecules to the chain, usually halogens, and also by treating 
rubber with add catalysts which change the structure of the long hy¬ 
drocarbon molecules. In these treatments, some breakdown of the 

chain molecules may also occur. 

Traun, in 1859, first prepared chlorinated rubber by passing chlorine 
into a solution of rubber in carbon bisulfide. He observed that the re¬ 
sulting product was no longer flexible. A patent was issued in the sairc 
year to Engelhard and Havermann, who carried out chlorination in 
chloroform or benzene solutions of rubber. Chlorinated rubber w^ 
first produced commerdally in Europe and has been manufactured in 

this country during the last decade. 


Chlorination of Rubber 

Rubber has been chlorinated in the solid form, tt^ sheets being us^ 
to give greater access to the gaseous chlorine. It is, however, diffi^t 
to form a uniform, product by such a method. The rubber is oto 
chlorinated in solvents containing a high chlorine content, as 
tetrachloride, which wiU not be affected by the chlorine us^ m fhe 
reaction. Often the rubber is broken down by milling to produ« 
viscous solutions. Staudinger has shown that rubber has a i^le^ 
weight of 180,000, as determined by viscosity measurements, but milU^ 

«af^uce the molecular weight to 25.000. Such mflled rubto ^ 

give solutions much higher in concentration witt the same viscos^^ 
The breakdown will naturally affect the viscosity of the dUonnaled 
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rubber formed, and if high viscosity types are desired the degree of 
breakdown must be controlled. 

On passing chlorine through solutions of rubber, much hydrogen 
chloride is evolved at the start of the reaction. This is due to removal 
of hydrogen, which results in more unsaturation and the addition of 
more chlorine. The final product contains about 67 per cent chlorine, 
which corresponds to something between three and four (II) chlorine 
atoms in each isoprene unit. If chlorine were added only to the double 
bond, two chlorine atoms would be present in each isoprene segment 

(I)- 


■ H H H 


-H Cl Cl H 


rCI Cl 
C—C- 

Cl Ch 
-C—C 

H 1 H 


H 1 H H 


H 1 

H H 

CHa J 

f| 

L CHs J 

f| 

L CHs J 


I II 


Kirchhoff has suggested the above scheme of reactions in chlorination 
of rubber. It is in agreement with the evolution of hydrogen chloride 
and the chlorine content of the final product. 

The commercial material is available in a variety of viscosity grades. 

The viscosity in toluene solution of various types at 25° C is shown in 

Figure 1. The low-viscosity types of material are used for lacquers. 

The higher-viscosity types are used as fortifying agents in varnishes 
and finishes. 

Properties and Uses of Chlorinated Rubber 

Chlorinated rubber is a white granular powder with a specific grav¬ 
ity of 1.64. It is soluble in aromatic hydrocarbons, chlorinated hydro¬ 
carbons, esters, and ketones. Films of unplasticized chlorinated rubber 
have a tensile strength of 4,300 pounds per square inch and 3.5 per cent 
elongation. Chlorinated rubber decomposes with evolution of hydrogen 
chloride on heating at 135° C. At lower temperatures it is stable. One 
outstanding property of chlorinated rubber is its non-flammability. Be¬ 
cause of its high chlorine content, it will not support combustion. The 

other outstanding property of chlorinated rubber is its resistance to 
acids and alkalies. 

A wide variety of plasticizers is available for chlorinated rubber. 
Drying and non-drying oils, phosphate, phthalate, other high-boiling 
esters, and high-boiling aromatic hydrocarbons may be used. Plasticiz¬ 
ers have been classified (3) as (a) plasticizers which are solvents for 
formated rubber, (b) plasticizers in which chlorinated rubber may 
e compatible in all proportions but which are not solvents, and ( c ) 
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plasticizers with limited compatibility. The solvents include tributyl 
phosphate, phthalate esters, and alkyl naphdialenes. The non-solvents 
which are plasticizers and compatible in all proportions indude blown 
castor oil^ chlorinated paraffins, diamyl n^hffialene, linseed oil, roan 
oil, and hydrogenated methyl abietate. The softening action of Ae 
solvent-type plasticizers is less pronounced tiian in plasticizers of type 
(&). Flexible films are not obtained until a critical plasticizer to resin 



10 20 90 40 60 


% Bean 
Fm 1. 

ratio is reached which varies with different plasticizers, and in gmeral 
this ratio is higher with a plasticizer which is a wlvent Plastid^ 
which have free hydroxyl groups are poor plasticizers for chlorinated 
rabber, and polyester resins having a high content of such groups are 

incompatible. /-li • 

Various resins may be used with chlorinated rubber. Chlonnaled 

diphenyl, pure phenolic and coumarone-indene resins, rosin-malac ^ 

teis, and rosin esters may be used. The choice of resm is often dictated 

1^ qualities desired in the film. 
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Chlorinated rubber may be added to varnishes, in which case it is 
dissolved in solvents and mixed with the varnish. It is also used in 
printing inks and in adhesives. High-viscosity chlorinated rubber is 
recommended for the latter use. 

Rubber Hydrochloride 

Hydrogen chloride adds readily to rubber to form a monohydrochlo¬ 
ride. Gaseous hydrogen chloride is added to solutions of rubber in an 
organic solvent such as chloroform at low temperatures. The first pat¬ 
ent was issued in 1881, but rubber hydrochloride had been prepared 
previous to that date. The chief use of the hydrochloride has been in 
the preparation of transparent sheets and films. 

Rubber is dissolved in an aromatic hydrocarbon such as benzene or 
in a chlorinated solvent such as chloroform or carbon tetrachloride, 
and hydrogen chloride is passed into the solution at low temperatures. 
Usually one molecule of HCl is added to each isoprene segment, al¬ 
though the dihydrochloride has been formed. 

H Cl H H 1 

C—C-C—C— 

H CHaH H J„ 

The chlorine is believed to add to the same carbon atom to which the 
methyl group is attached according to MarkowniknfF’s ri^i lp The rub¬ 
ber hydrochloride may be recovered after washing out excess hydrogen 
chloride by evaporation of the solvent or precipitation with alcohol. 

The hydrochloride softens on heating and above 145° C loses hydro¬ 
gen chloride readily. Alkalies and organic amines have been added to 
reduce the tendency to liberate hydrogen chloride. The density is in¬ 
creased to 1.19 because of the presence of chlorine. 

Rubber hydrochloride is prepared chiefly in thin films or sheets 
which have been used as a packaging material. Increasing the hardness 
and thermoplasticity of rubber has been recommended. 

Rubber hydrochloride is soluble in aromatic hydrocarbons and chlo- 

rimted hydrocarbons. It is insoluble in ethers, alcohols, and esters. 

It is more resistant to mineral oils than rubber and is resistant to oxidiz- 
ing acids. 

Isomerized Rubber 

Fisher, in 1926, reported the preparation of hard shellac-like material 
from rubber by the action of sulfuric or sulfonic acids. In the follow¬ 
ing year, Bruson, Sebrell, and Calvert (1) described resinous mate- 
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rials produced by treatment of solutions of rubber with stannic chloride 
and other metallic chlorides. 

Later Bruson suggested the addition of chlorostannic acid to rubber 
on mixing rolls. Products made by treatment of rubber with adds 

and metal salts are now produced commerdally. 

In the treatment with metal salts, the viscosity at first increases but 
on continued heating decreases, and still further heating reduces the 
viscosity greatly. The density increases from 0.93 to 1.06, but this 
increase in density is not due to chlorine, which is absent in the final 
products. The increase in density is explained by formation of cyclic 
compounds, and the increase indicates about 65 per cent conversion to 
a cydic form. The unsaturation decreases to about one-half the orig¬ 
inal value. It has been suggested that cross links between the mole¬ 
cules of polyisoprene are formed, but such a structure is not in agree¬ 
ment with the solubility of the materials in petroleum solvente. , 

Ring formation, the most plausible explanation of the reaction occur¬ 
ring, may be written as follows: 

HsC 

C-CHs 

/ \ 

HC CHs 

H H 1 

CHs 

The material has been referred to as isomerized or "cyclidzed rub- 




A wide variety of products is formed, depending on the amount and 
type of add catalyst employed and on the time and tempera^ o 
treatment (2). Products may be obtained wUch approach rubber m 

and -hid. can be vnhaniacd -id. snifnr in .he 

tiiennoplastic resins are fom-d. These hard re^ ta*e h^ n^ 
smcesstnlly in Bring tanks since pos^ *°°^-,i^Zss TW 

are wluble in hydrocarbon solvents, particularly aromatic and chlon- 
nated solvents (4). 


1 
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REVIEW QUESTIONS 

1. Write equations for preparation of chlorinated riihher. 

2. What valuable properties <loes chlorinated rubber possess? 

3. What changes occur in the preparation of “cyclicize<r’ rubber? 
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PART VI. APPLICATION OF SYNTHETIC 

RESINS 


CHAPTER 16 

SOLVENTS AND PLASTICIZERS FOR SYNTHETIC 

RESINS 

Solvents and plasticizers for the various tyj)es of synthetic resins 
have been discussed in the consideration of the different resins. In 
this chapter the more generally used solvents and plasticizers are listed, 
together with their properties and the general rules for their use. 

Solvents for Synthetic Resins 

The best solvent for a material is usually closely related to it in chem¬ 
ical structure. The best solvent for a Hnyl polymer is the monomer. 
Thus vinyl acetate is a good solvent for poh•^^nyl acetate. The tend- 
encv of Hnyl acetate to polymerize even at room temperature and iu 
relativelv high cost, however, prevent its use as a solvent. In speda 
applications, particularly as an adhesive, the monomer may be a very 
useful solvent since any of the monomer which does not evaporatt 
will polymerize, leaving no residual solvent. When monomers are use< 
in this way, pero.xide catalysts are frequently added to accelerate poly 

merization. 

Since monomers are not generally available as solvents, low-boih^ 
materials having a somewhat similar structure are often found to b 
the best solvents. Benzene and toluene are exceUent solvents for poly 
stvrene; esters are good solvents for polywinyl acetate and polyacrylat 
resins. ’ Cblorinated solvents are among the few solvents for polyvmy 

chloride. . . ^ j ♦ t. 

The definition of a good solvent for a resin is often assumed to I 

the solvent which gives solutions of low dscosity. This may not alway 

be true, since it seems that sometimes the Afiscosity is less m a pot 

solvent than in a good one. This behador is explained by assi^ 

the resin molecule to be more nearly rod-like in a good solven at 

more highlv kinked in a poorer solvent. Since dscosity is proportion 

to the length of the molecule, a kinked one will give lower viscosi 
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in solution than the same molecule extended. Such effects mav possibly 
be illustrated by viscosity of polyaciy late resins in mixtures of toluene 
and alcohol. If a polyacrA’Iate resin is dissolved in such mixtures, the 
lowest ^^scosity results when the mixture contains about 20 per cent 
alcohol. Beyond this concentration the solution is more \'iscous and 
the resin does not dissolve in alcohol. As the solvent becomes poorer 
by progressive addition of alcohol, the molecules apparently tend to 
coalesce, resulting in higher viscosity. 

The change in viscosit}' at a higher temperature has been suggested 
as a test to determine whether a solvent is good. Good solvents give 
solutions of lower relative -vnscosit}' on warming; solutions in poor 
solvents increase in relative viscosity. 

High pohmers are often dissolved only with difficulty, and consider¬ 
able time is required to put them in solution at ordinary' temperatures. 
Continuous agitation is advisable. Frequently solution will be more 
rapid if the gelatinous combination of resin and solvent which is first 
formed is well mixed. Heating will often hasten solution, but care 
must be exercised not to overheat the undissolved resin. Some vinyl 
resins contain a small percentage of insoluble matter which can be re¬ 
moved by filtration. This insoluble material has been removed in the 

manufacture of some vinyl resins. Other polymers are free of such 
insoluble materials. 


Volatility of Solvents 


Since solutions of resins are applied in a variety of ways and the 
solvent is removed by evaporation at ordinary or elevated temperatures, 
the nature and amoimt of solvents used must be carefully controlled. 
In most cases the matter of cost of the solvents is also a factor. The 
volatility of solvents is measured by their 'I’apor pressure at the tem¬ 


perature of evaporation. This is generally proportional to their boiling 

point, except the lower alcohols, which evaporate somewhat less rapidly 

than hydrocarbons of the same boiling point. Solvents boiling below 

100® C evaporate very rapidly and are used where rapid air dr%ung is 

r^uired. The solvents boiling up to 150® C evaporate readily* at or¬ 
dinary temperatures. 


Since several solvents are often used it is important to balance the 
composition so that the solvent remaining after the volatile portion has 
^porated still has sufficient solvent poiver to hold the resin in solution. 
Certain mbrtures of solvents evaporate without appreciable change in 
the composition of the residue, but in other mixtures a volatile good 
solvent may evaporate more readily than the poorer solvents present, 
and the resin may be precipitated before the solvent has all evaporated’ 
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Since hyclrctcarbon solvents and particularly petroteum solvcnu are 
low in cost, they are frequently used with cjther solvents where thccr 
use does not unduly increase the viscosity of the scdutkm. Hydrogen¬ 
ated naphthas, which contain aromatic hydrocarbons, have considerably 
greater solvency than petroleum naphthas and ntay be used to advan¬ 
tage in some cases. Aromatic hydrocarbons generally are the best hy¬ 
drocarbon solvents. Hydroaromatic and terpene hydrocarbon solvents 

are also used. 


Use of Solvents 

Each type of resin presents a separate study of the,use of solvents 
for the preparation of vehicles. Since nitrocellulose is widely used in 
surface coatings, there have been many studies made on the proper 

TABLE I 


Pbope«tie5 of Solvents 



Acetone 

Methanol 

Ethyl acetate 

Methyl ethyl ketone 

Carbon tetrachloride 

Benzene 

Isopropanol 

Ethyl alcohol 

Trichloroethylene 

T oluene 

Methyl isobutyl ketone 
Aromatic naphtha. Type I 
«-Butyl acetate 
Xylol 

Amyl acetate 
V. M. & P. naphtha 

n-Butanol 
Glycol ethyl ether 
Ethyl lactate 

Turpentine 
Diacetone alcohol 
Dipentene 

Aromatic naphtha. Type 
Carbon spirits 


0.792 

0.792 

0.886 

0.805 

1.6 

0.878 

0.789 

0.791 

1.43 

0.866 

0.802 

0.820 

0.875 

0.865 

0.865 

0-76 

0.810 

0.931 

1.03 

0.865 

0.94 

0.85 

0.87 

0.82 


1.36 
1.33 

1.37 

1.38 

1.46 
1.49 

1.38 
1.36 

1.47 
1.49 
1.40 
1.45 

1.39 

1.48 

1.40 

1.41 

1.40 

1.41 

1.41 

1.47 

1.42 

1.48 
1.50 
1.44 


64 -^ 

70-80 

77- 82 

76- 77 

78- 82 
80-83 

77- 79 i 
86-91 j 

108-110 
112-118 
94-135 
110-145 
127-159 I 
123-145 
90-160 
112-118 
133-137 
102-173 
154-190 
160-180 
170-188 
174-210 
150-200 


280 

160 

120 

120 

130 

120 

60 

80 

90 

40 

25 

16 

10 

10 

10 

6 

4 


15 

45 

23 

35 

Nom 

10 

63 

56 

Nom 

35 

75 

60 

82 

68 

89 

95 

130 

129 

95 

1 » 

145 

135 
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blending' of soWents to produce lacquers for a wide variety of uses. 
S 3 'nthetic resins vary widely in their properties, and resins of the same 
class may be modified to affect their solubility greatly. Complete 
studies of the best solvent ratios have not been made in every case. 

The properties of common solvents are given in Table I, but many 
other solvents are available for special purposes. It should be re¬ 
membered that mixtures of several solvents are sometimes more effec¬ 
tive than a single solvent. Also it should be noted that non-solvents 
may be used to advantage as diluents. The amount of diluent which 
may be used varies greatly with the resins and also with the solvents 
employed. 

Plasticizers 

Plasticizers are frequently added to synthetic resins to increase their 
flexibility and their extensibility. Their use sometimes is not so much 
desirable as necessary. In vinyl polymers, it is possible to control the 
degree of polymerization and plasticizers are not always added. This 
is frequently done with polystyrene and polyacrylate esters for mold- 
jng. It is also possible to change the plasticity of a resin by forming 
copol)rmers. A relatively small amount of a second vinyl compound 
will give a lower melting polymer. Also the introduction of larger side 
groups in the chain, as in cellulose acetate butyrate, results in a more 
plastic material. Sometimes plasticizers are still required with the 

modified resin, but in smaller amounts, and generally a wider choice 
of plasticizers is possible. 

The mechanics of the action of plasticizers is not entirely clear. It 
is apparent that the effect of plasticizers which are true solvents for a 
resin is somewhat different from the effect of plasticizers which are 
not solvents. It is not usually possible to make clear distinction be¬ 
tween solvent and non-solvent plasticizers, but often it is apparent 
^at one plasticizer is a better solvent than another. A suggested test 
IS to dissolve the resin in several times its w^eight of plasticizer and 
measure the amount of non-solvent required to precipitate the resin. 

Often the solvent plasticizer does not give the desired properties 
wiffi a resin since the tensile strength decreases rapidly as the amount 
IS increased. Non-solvent plasticizers may be added in much greater 
founts without decreasing the strength of the plasticized resin. Un¬ 
fortunately, plasticizers of this type are frequently lost by evaporation, 

or part of the plasticizer may exude to the surface after a period of 
tune. ^ 

iVfixtures of plasticizers may sometimes offer advantages over a 
smgle plasticizer. If a mixture of two plasticizers of the same type. 
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Molec¬ 

ular 

Weight 



Consist¬ 

ency 


Color 


Phthalate Esters 

Dimethyl phthalate 
Diethyl phthalate 
Dibutyl phthalate 
Di(methoxyethyl) phthal¬ 
ate 

Di(ethoxyethyl) phthalate 
Di(butoxyethyl) phthalate 
Diphenyl phthalate 
Methyl phthalyl ethyl gly- 
colate 

Ethyl phthalyl ethyl gly- 
colate 

Butyl phthalyl butyl gly- 
colate 

Ester Plasticizers 
Triacetin 
Butyl oleate 
Butyl stearate 
Butyl acet>"l ricinoleate 
Dibutyl sebacate 
Benzyl sebacate 
Methyl abietate 
Dihydromethyl abietate 
Diethylene glycol diabie- 
tate 

Triethylene glycol hexoate 
Triethylene glycol octoate 

Phosphate Esters 
Tributyl phosphate 
Triphenyl phosphate 
Tricresyl phosphate 
Di-(/>-/cr/-butylphenyI) 
monophenyl phosphate 
Diphenyl mono-(o-xenyl) 
phosphate 

Di-(i?-xenyl) monophenyl 
phosphate 

Tri-(^-i<rrf-butylphenyl) 

phosphate 

Di*(/>-/«r/-butylphenyl) 
mono-(5-<tff^-butyl-2- 
xenyl) phosphate 

Sulfonamide Plasticizers 
o- and />-toIuene ethyl sul¬ 
fonamides 

o~ and p-toiuene sulfonam¬ 
ides 

o-cresyl />-toluene sulfonate 


194 

222 

278 

282 

310 

366 

318 

266 

280 

336 


218 

338 

340 

396 

314 

382 

316 

318 

674 

346 

402 


268 

326 

368 

438 

402 


570 


199 


171 

262 


1.196 

1.120 

1.048 

1.173 

1.120 

1.063 


282 

295 

340 

200/4 

205/5 

222/4 

255/14 


149 

152 

170 

180 

180 

202 

224 


Liquid 

Liquid 

Liquid 

Liquid 

Liquid 

Liquid 

Solid 


Colorless 

Colorless 

Colorless 

Colorless 


White 


1.224 189/5 193 Liquid Colorless 

1.184 190/5 196 Liquid Colorless 

1.111 219/5 199 Liquid Colorless 


1.15 

0.869 

0.858 

0.940 

0.940 

1.055 

1.020 

1.020 


260/760 

210/7 

250/30 

230/4 

345/5 

265/4 

360 

365 


187 

no 

178 

180 

182 


1.071 

0.9947 199/5 
0.9679 215/5 


196 

207 


0.978 

1.2/60 

1.175 


140/5 

245/11 

295/13 


146 

225 

235 


Liquid White 

Solid WTiite 
Liquid Colorless 
Liquid Colorless 

Liquid Amber 
Liquid 

Solid Amber 
Liquid Colorless 
Liquid Colorless 


Liquid Colorless 
Solid White 
Liquid Colorless 


438 1.11 260/5 250 Liquid Colorless 

402 1.234 250/5 225 Liquid ' Colorless 

478 1.234 285/5 250 Liquid Colorless 

494 320/5 275 Solid White 


1.125 300/5 275 Solid Yellow 


1.188 


174 Liquid Light 

amber 


1.317 

1.211 


188 Solid 
182 Solid 


White 

White 
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such as two esters of phthalic acid, is used, the properties are in genera 
intermediate to those obtained with the esters used alone. With plas¬ 
ticizers of rather different chemical composition, this mav not be true 
Cellulose esters retain about 10 per cent of a plasticizer over long 
periods of time. It is not generally possible to retain 50 per cent of 
five different plasticizers, although somewhat greater retention is pos¬ 
sible with mixed plasticizers. 

The volatility of some plasticizers is a serious defect. In some cases, 
volatile plasticizers have a much greater softening effect, but thev can¬ 
not be used in appreciable amounts for this reason. Materials with 
low vapor pressure will evaporate in time. In Table II, the properties 
of some of the more common plasticizers are listed. Plasticizers with 
0.0001-mm vapor pressure at 20° C are available. Plasticizers with 
higher vapor pressure than this will gradually be lost by evaporation. 
Certain plasticizers, particularly chlorinated hydrocarbons and phos¬ 
phate esters, are used where non-flammability is desired. 

The physical form of a plasticizer is often indicative of its relative 
plasticizing effect, but this is not always a safe guide. A liquid would 
be expected to exert a much greater plasticizing action than a solid, and 
often does. But a solid solvent plasticizer may have much greater 
effect than a non-solvent fluid plasticizer. 

Plasticizers to improve flexibilit}' at low temperature have been stud¬ 
ied, particularly for use with synthetic rubber. In general, plasticizers 
which are themselves fluid at low temperatures are more satisfactor}'. 
This does not necessarily follow, however, since the plasticizer must 
also have some solvent power at low temperatures. 
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CHAPTER 17 


APPLICATION OF SYNTHETIC RESINS AS PLASTICS 

MOLDING OPERATIONS 

Synthetic resins are widely used in the manufacture of molded or 

• « 

extruded articles. The method of molding depends on the properties 
of the resin and on the size and shape of the article to be formed. 
There are many different methods of molding. Those usually employed 
are considered briefly in this chapter. 

Cold-Molding. This type of molding is usually employed with as¬ 
phalts. Synthetic resins are seldom employed except where they are 
used to reinforce the asphalt. The powder consists of asbestos or other 
mineral hllers and the binder, and is shaped by pressure in a mold. 
Since solvents may be present to increase the flow of the binder, the 
molded pieces are often baked after they are formed. 

Compression Molding. In compression molding heat is usually em¬ 
ployed to soften the molding powder and allow it to flow and All the 
mold completely on the application of pressure. If the resin hardens 
on heating (in other words, if it is thermosetting), the molded pieces 
may be taken from the mold while hot, as they are no longer fusible. 
Phenol, urea, and melamine formaldehyde resins harden in this manner. 

Other resins, as the vin}l resins and cellulose esters, which do not 
harden on heating, are known as thermoplastic resins. The?e resins 
flow in the heated mold, and on application of pressure the mold is 
filled completely. The pressure is not released, however, until the mold 
is cooled again. .\s considerable time is required to heat and cool the 
mold, the compression molding of thermoplastic materials is a rather 
expensive operation, and has been largely supplemented by other meth¬ 
ods of molding, particularly by injection molding. 

Thermosetting resins are also molded by forcing the molding powder 
softened by heat into a heated mold, a process known as transfer mold¬ 
ing. It is particularly useful in complicated pieces or where several 

metal inserts are used. 

Injection Molding. This method of molding is used largely with 
thermoplastic resins. The re>in is heated in a closed cylinder to the 
desired fluiditv and forced under pressure into a cooled mold. 
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method is rapid; a mold can be filled and emptied two or three times a 
minute when small pieces are being molded. Attempts have been made 
to mold thermosetting resins by this method, but with no great success. 

Extrusion. Thermoplastic resins may also be shaped bv extrusion 
where they are forced through a heated die in the desired shape Con¬ 
tinuous tubing, strips, and rods can be formed in this manner The 
extruded shape hardens on cooling. In the case of nitrocellulose a 

volatile solvent is used to soften the plastic, as high temperatures can- 
not be used. 


molding equipment 

Molds 

Three types of molds are used for compression molding: the positive 
the semi-positit^, and the flash t>-pe. In the positive mold, the plunger’ 
fits closely to the side of the mold, and full pressure is exerted on the 
molded piece. This npe is useful where verj^ bulW materials are 



Fig. 1. Positive Mold. 


Bakclite Corp. 


loaded with the exact amount of material, 
exerted m the material only at the end of the compression stroke. 



Bakelite Corp. 

Fig. 2. Semi-positive Mold. 


Since there is considerable friction and wear when a close fitting 

-ten^d is pushed out as the mold closes. This'excess t kno'^ irS: 

where 4e .^^^ 010 ^ P’"""' 

area resuLTn hii - 

g pressures and possible deformation of the edcres 

is * 
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Too large areas may result in heav)- flash and incomplete closing of the 
mold. 

:Molds are made from alloy steel as they must stand high pressures 
without deformation. Molds are frequently made by bobbing, in which 
case a hardened steel piece the same shape as the piece to be molded 
is forced into a soft steel blank. The hob, or replica of the piece to 
be molded, is made of tool steel of high carbon content. Lettering and 
designs mav be engraved on the hob. By this method it is possible to 
produce many molds from a single hob. Pressures of 50 tons per 
square inch are required, and the hob is sunk at V 2 to % inch per 



Fig. 3. Flash Mold. 


ii*:i 


minute into the blank. The excess metal m the bla^ is 
awav The molds are then hardened by heating and finally pohshed. 
The hob is usually highly polished, and this polish carries through to 

the dies so that the mold requires little further polishing. 

Molds mav also be made by duplication. A master mold made o 
soft material's may be reproduced by using a duplicating machme which 
is electrically controUed, and e-xact repUcas of the master are “^de m 
tool steel. This duplicator is a horizontal milling machme. operated 

in three dimensions. . r • +.^ 1 /. 

Molds are also made by electroplating. A deposit of i^on up t , 

inch is deposited. The iron is hardened by carburizing and ^ 

bv a metal shell. Difficult molds may be made at low cost > 

method, but the molds do not have the durability of molds made > 

the methods described above. 

The steel surface of the mold is often not snfficently hard or rarr^ 
Sion resistant. Chromium plating impart both ^ P™I«h» » 

molded parts. \Mien properly applied, chronnnm pi“”» P 

.- -ij- _1 finish is obtained on the molded pieces. 


Presses for Compression Molding 

Presses «rc ^eaUv in sire and capacity. Small hand.s,pera^ 
nresses'are oft'en used in the laboratory for expemnenta! moldmg. 
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capacity of larger pres.es is rated ,n t.n., a value arrived at lo- nttd- 
ttplymg the area ot the rant by the pre-.ure. entploved. Pre..:. v.ith 

ot 1.0TO tons are u^ed. but ^,.ually the c.,>acitv varie. front 

40 to 600 tons Sntce pres.-ure. of 2-5.000 potntds ,,er square i.tch are 
commonly used m compression molding, it will be .een that a '0 ton 
press has a working area of 35 to 50 .square inches 



T7 4 Bakt'lUc Corp. 

Fig. 4. Battery of 500-Ton Self-Contained Molding Presses. 

oer^aoTtr"^ ^ semi-automatic pre.s bein-^ 

°de'’fsTo-7';'’rr‘X t j 

C}cle ts also controlled automatically in some machine- Tt m 

a'cn'in^tLe^^^ " and'thereby the p^ssib.litv of tX."i::;l;I 

open the molds' an^^' used to close and 

pressures. ’ ^ accumulator ,s required to furnish uniform 

piece?to mold a large variety of 

presses have a capadty of"l0 

> heated. The powder is supplied in granular form m tlie nmld. 
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Large capacity is possible in a small space, but presses of thi«> type 
require careful maintenance. 


Injection Molding Machines 

For thermoplastic resins injection molding oflFers many advantages, 
particularh- a short molding cycle. The powder is fed directly into 
the hopper of the injection machine, and is then forced by a hydraulic 
ram into a heated chamber. This cold powder forces the resin already 



BaketUe Corp^ 


Fig. 5. Injection Press Heating Cylinder and Feed. 


heated into a nozzle into the cooled mold or molds through a channel 
or runner. Sufficient pressure must be used to fill the molds. The 
mold opens automatically, and the finished piece is knocked out of the 
machine. Injection machines are rated on the capacity of molding 
material they ran extrude in one forward motion of the plimger or 
“shot.” Machines of greatly increased size have recently been offered, 
and some machines have several injection cylinders. 

The capacitv may varii’’ from 1 to 36 ounces where several injection 
cj'linders are used. The capacity is sometimes limited by the rate at 
which the heaters can soften the resin, and a machine may have a lower 
capacity if fast cycles are employed. 


Gxtrusion Machines 

If rods, tapes, or tubing are desired, the plastic may be extruded. 
This is accomplished by forcing the plastic through a heated die which 
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17i 


is somewhat smaller than the desired piece. Since Ti:c jdastic is under 
pressure as it is extruded, it expands s«:'ine\viiat wlien I'ne j‘res^ure i- 
relieved, and allowance must be made for tliis in de.-ienin^- the dies. 
Usually a screw-type feed is used, althougli hydraulic plunerers have 






Y 


Bakciite 

Fig. 6. Rotary Preforming Press. 

^ en employ ed. The latter type pro^•ides a more unifonn liow. but tht 
screw n-pe teed is continuous in operation and thus often preferred. 

amr. carefully controlled, and the temper- 

ature ot the plastic must be regulated within a narrow range. Stean 

'. - and the pressures may be high where high temperature- 

ncularh for high temperatures. 

cen^K'™''T tubing, but re- 

a wiH ™- ^^ellulose plastics have been extruded successfullv for 
e \anen- ot articles. Cable coverings are extmded in a merisi 
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extrusion machine. The wire passing^ through the die is covered witl 
plastic. 

The extrusion machine is often fed with the powdered plastic. Ii 
some cases a fine powder is used to insure rapid softening. In othei 
cases calendered strips are fed into the machine while they are stil 
warm. 

Dies for extrusion are usually very' much less expensive than foi 
compression molding. The amount of plastic extruded in a given tim< 
is much larger than with injection molding machines since the flow ol 
the plastic is continuous. 

Preforming Equipment 

Tablets of the molding powder are usually used in compression mold 
ing equipment, except in the automatic presses. This preforming oper 
ation reduces the bulk factor, the ratio of the volume of the powder t( 
the volume of the molded piece, from 2-3 to approximately 1. Thus : 
flash mold can be easily filled with a tableted or preformed pow’der 
which could not be satisfactorily filled with a loose, bulk}' pow'der. Th( 
powder is fed into the hopper and drops into the molds, where it i; 
quickly compressed at high pressure. The molds can be adjusted t( 
give tablets of desired weight. It is important to control the amoun 
of material for successful compression molding, and this can be dom 
with preforming machine^y^ 


MOLDING MATERIALS 

Molding Powders 

Resins for molding are usually supplied in the form of pow'ders. Ii 
the thermosetting resins these are usually filled with w’ood flour, cellu 
lose, or other t}"pes of fabric or mineral fillers. Thermoplastic mold 
ing materials are high in resin content, and dyes and pigments ar 
added in relatively small amounts. Lubricants are also added to pre 
vent sticking of the molded piece to the die. 

Stearic acid and its soaps, particularly the zinc and lime soaps, ar 
generally used as mold lubricants with thermosetting resins, ^^itl 
transparent molding materials some of the higher alcohols are used 
Lubricants are essential, and the amount must be carefully controlle 

since excess lubricant results in a poor finish. 

Thermosetting molding powders are supplied as fine powders whid 
may be used for large flat castings. These powders have a bulk facto 
of 5 and cannot be preformed on the usual preforming machines. Th* 
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thermosetting molding granules have a bulk factor of 2-3 and can be 
readily preformed. 

Thermosetting molding powders are offered in three degree- of fhAv ; 

hard, medium, and soft. The \arious tyjies are chosen in accordance 

with the amount of flow required. ^\■here little flow is required in 

forming the pieces, the hard grade is userl. The hard- and medium- 

flow powders cure rapidly, but soft powders may be made with a slow 

rate of cure. These properties can be varied somewhat b_\' ch'iice of 

the resin employed. In general, soft po^vders are used where high 
pressures are not available. 

Thermosetting resins are usually molded at 290-320’ F. and the cure 
is faster as the temperature is raised. Above 320’ F. urea resin- cure 
so rapidly, howeter, that overcuring is likel\' to occur. One to three 
minutes is the time usually required to cure the resin, depending on 
the size of the piece ; large pieces take a longer time. 

For high impact strength in phenolic resins fibrous fillers are em¬ 
ployed. ^ These materials have a high bulk factor and must be formerl 
in positive molds or preformed by special methods, since the usual 
preforming machmen.- will not handle such bulky material. Impact 
smengths as great as fifteen times that of wood-flour-filled molded 

pieces are possible. These high impact powders are molded at 3.000 
to 8.000 ix)und<? 


Thermoplastic Molding Powders 

Thermoplastic molding powders are usually supplied in a granular 
form. They are available as crystal, transparent colors, solid and mot¬ 
tled opaque colors, and blacks, in a wide variety of degrees of flow. 
Also, with some t>pes of thermoplastic compounds, special powders 
are available with such required properties as easy welding and long 
flow. These properties are controlled by choice and amount of plas¬ 
ticizer employed. Some control may also be exercised in the choice of 
the resin used in the molding powder. 

In the case of polystyrene and acrylate resins, plasticizers are often 
not used, and control of flow is determined by the degree of poly mer¬ 
ization of the resin. The molding temperatures vary from 300-450’ F 

molding materials, and the pressures var\- from 
o.UOO to 50,000 pounds per square inch. 

Properties of Molded Products. The properties of part- made 
rom thermosetting and thermoplastic molding materials are shown in 
aoie 1. Thermoplastic materials are all affected by heat. Consider- 
^^iP^ovement has been made in this direction, and therm, qila-iic 
P are now produced which are not seriously afi'ected bv immer-i. n 
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m boiling water. These are special materials, and most thermoplastic 
compounds distort at temperatures of 60° C and above. 

The clarity of molded products varies considerablv and some t^’pes, 

such as urea formaldehyde resins, are not offered for transparent 

molded pieces. Oear or crj^stal moldings of the acrvlate resins have 

the greatest clarity. Polystyrene and cellulose acetate 'also have a high 
light transmission. 

The density of moldings varies from slightly over 1 to 1 75 In 
powders containing mineral fillers, the density may be somewhat higher 
because of the fillers. Polystyrene is the lightest of the molding com¬ 
pounds with a density of 1.05. Most other molding compounds have 
a ^nsity of 1.3 to 1.5. Pol3rvinylidene chloride has a density of 1.75. 

The effect of water is ver>' slight in the case of polystyrene and 
phenolic compounds. The cellulose esters are susceptible to moisture, 
and the diacetate is the most readily affected. The triacetate and ace- 
tete butyrate are more resistant, but absorb 0.5 to 2 per cent of water 
Cellulose mtrate and ethylcellulose absorb about this same amount of 

water. Where absorbent fillers are used, they may increase the water 
absorption. 

Resistance to strong acids and alkalies is particularlv good in the 

case of polystyrene. Phenolic resins are also resistant when filled with 
non-reactive materials. 

The properties of molded plastics are shown in Table I. They are 
^en from manufacturers’ specifications. It must be remembered a 
^de ^^riation of properties are possible, and special types may be avail- 

of -t in this The properties 
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CHAPTER 18 


USE OF SYNTHETIC RESINS IN PROTECTIVE 

COATINGS 

S)-nthetic resins of various types are used in the formation of pro¬ 
tective coatings either to reinforce film-forming materials, as the drying 
oils, or as the film-forming material itself. Resins which are used to 
reinforce drying oils are usually of relatively low molecular weight 
since they must be dispersible in the oils and include some phenolic 
resins, coumarone-indene resins, rosin-modified phenolic resins, rosin 
maleic resins, and polyester resins. Resins of large molecular size, 
cellulose esters and ethers, rubber resins, and vinyl polymers readily 
form films which may be modified by addition of plasticizers or of 
hard resins. Organic solvents are usually used in vehicles, although 

emulsions and hot applications sometimes are employed. 

Natural resins were first used with drying oils and still are used in 
large amounts, but synthetic resins have replaced natural materials in 
many instances. Synthetic resins are used with natural resins, parbcu- 

larly with rosin. 

Drying Oils 

Dicing oils are mixed glycerides of saturated and unsaturated fatty 
acids. The fatty acids obtained on hydrolysis of drying oils are chieflj 
18 carbon atom acids, although even-nuriiber^ adds of sixteen tc 
twenty-two carbon atoms are present in some oils. Drymg oils contan 
a high proportion of unsaturated acids, usually at least 90 per crat 
The monounsaturated acids, as oleic add, do not take part in the dryi^ 
process to anv great extent, only di- and tri- and tetraolefimc aad 
being effective in the drying of oil films. The unsaturated groui» ^ 
often separated by a methylene group. CHa, although conpipt^ 

olefin and triolefin groupings, C=C—C=C and C—C—C— 
are present in some oils, as tung and oiticica oils. 

There is a remarkable uniformity in structure of fatty ( 

occurring in the drying oils since many contain the grouping -(CHa) 

COOH. Thus oleic acid is 

2&4 
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H H 

CH3(CH2)7—C=c—(CH2)7—COOH 

H H 

and the diolefinic linoleic acid (I) and triolefinic linolenic acid (II) 
contain the same grouping as does the conjugated triolefinic acid, eleo- 
stearic acid (HI). 

H H H H 

CH3(CH2)4—C=C—CH 2 —C=C—(CH2)7C00H 

I 

HHHHHHHH 

CH3CH2C=C—C—C=C—C—C=C—(CH2)7C00H 

H H 

II 

CH3(CH2)3CH=CH • CH=CH—CH=CH(CH2)7C00H 

III 

The distribution of fatty acids in the ghceride structure has not been 
entirely clarified. If an oil were a glyceride of two fatty acids, A and 
B, the oil might possibly be a mixture of GA3 and GB3, where G des¬ 
ignates the glyceride radical. There are also the other forms, GAoB, 
GAB2, which may also be present. It appears that in the drying oils 
all the possible glycerides are present (2), and the fatty acids are pres¬ 
ent in the various glycerides in a random arrangement. Thus, if 50 
per cent of a single fatty-acid radical is present, there is present in the 
oil not 50 per cent of the triglyceride of this fatty acid but (0.5)3 or 
12.5 per cent. The rest of the fatty-acid radicals are distributed be¬ 
tween glycerides containing one or two of the particularly fatty-acid 

TABLE I 


Composition of Drying Oils 




Saturated 
and Oleic 

Linol 

Com 

57 

43 

Soya 

40 

56 

Linseed 

32 

20 

Perilla 

15 

38 

Tung 

15 


Oiticica 

17 

6 


Per Cent Glycerides of 


Linolenic 


Eleostearic 


4 

48 

47 


85 


Licanic 


77 
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groups. Thus linseed oil, which contains about 7 per cent saturated 
acids, 25 per cent oleic acid, 20 per cent linoleic add and 48 per cent 
linolenic acid probably contains all possible glycerides. 

The dr^rng oils contain various amounts of these adds. An approx¬ 
imate estimate of the fatty adds making up these oils is shown in 
Table I. 


Polymerization of Drying Oils 

Drying oils form polymers by heating at 250-300® or on exposure to 
air in thin films. The polymers formed at high temperatures are not 
vinyl polymers but cyclic polymers. The polymer is formed largely by 
the combination of two fatty-add chains, although small amounts of 
higher polymers are also formed. These are probably chiefly trimers 
formed by combination of three fatty-add groups. 

The combination occurring on heat-bodying apparently is by forma¬ 
tion of a 6 carbon atom chain. 





\ / 

—CH-CH— 


and apparently the non-conjugated fatty add chains which occur in 
linseed and soya oil polymerize only after they have rearranged to a 
conjugated arrangement. 



i:f:i 


ing even when only two 

A • • MW • V ^ y -- ' ^ O ^ 

molecules of fatty acids combine to form a dibasic fatty add. As we 
have seen above, the formation of a gel is possible from a mixture 
of glycerol (C) and a dibasic aad (f7-t/), formed by combmatiOT of 
two molecules of an unsaturated add U. 


U 



—CU—U—G—U—U—G—UU 


I 


U 

1 

u 

1 


I 



It will be seen that cross-linked molecules are formed, because of tlK 
three functional groups present in glycerol. WTien three fatty-aad 
groups combine to form the trimer {UUU), the cross-linking of the 

glyceride structure is even greater. 
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Since unsaturation is still present in the bodied oil, films will polymer¬ 
ize further on exposure to air, resulting in hard, dry films. 

The mechanism of polymerization of heat-polymerized oils or of raw 
oils on exposure in thin films has not been entirely clarified. It is ap¬ 
parent that appreciable amounts of oxygen are absorbed first in the 
form of peroxides, which later rearrange to other oxygen compounds. 
Although there are numerous suggestions that the linkage between 
fatty-add chains is through an ether linkage, there is little experimental 
evidence to support this view. The evidence points to a carbon-to- 
carbon bond between the fatty-acid chains. This may be formed by 
vinyl pol 3 rmerization or by the forming of a ring compound reaction 
sunilar to the one occurring on heat polymerization. This reaction, 
however, does not take place until oxygen has combined in the fatty- 
acid chain. Complete evidence is not available to show whether more 
than two fatty-add chains combine in the formation of polymers. 


Resins with Drying Oils 

Resins may be dissolved in solvents and the solution added to a dry¬ 
ing oil, but resins are usually incorporated in the varnish kettle while 
the oils are polymerized by heat. Some resins, particularly the less sol¬ 
uble resin-modified phenolic resins and maleic-rosin resins, are not dis- 
per^ in drying oils until they have been heated for some time at 
250" C or higher temperatures. This improved solubility on heating is 
due to ester interchange between the resin and the drying oU. Since 
teth the drying oil and the resins are glycerides, mixed esters may be 
formed, with resultant improvement in solubility. The oil may be desig¬ 
nated as GU and the resin as GRa, where G represents the glyceryl rad- 
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ical and L and R the fatty- and resin-acid radicals, respective!)-. On 
heating, mixed glycerides of the type GL 2 R and GLR 2 are formed, and 
the oil-resin system becomes more homogeneous. 

Polyester resins are derived from drying and non-diying oils, di¬ 
basic acids, and glycerol; polymerization is accomplished by formation 
of polyesters, ^^^len fatty acids from drying oils are used in their 
manufacture, the resin pohmerizes further on exposure to air in thin 
films at ordinary temperatures or more rapidly on baking. 

Resins which are not esters cannot combine with dr)nng oils by this 
method, and in general they do not combine chemically with drying oils. 
Heat-reactive phenolic resins apparently combine with conjugated ole- 
finic fatty-acid glycerides at least partially (3), but to a much smaller 
extent with the non-conjugated oils, as linseed and soya oil. 

Coumarone-indene resins, since they are hydrocarbons, do not com¬ 
bine with dr\'ing oils, and no advantage is obtained by heating them 
with the drying oil at high temperatures. Some disadvantages are 
caused by such treatment since these resins discolor and depohmerize 
on prolonged heating at these temperatures. Resins of this type, there¬ 
fore, are frequently incorporated after the drying oil has been heat- 

pol)merized. 

Urea formaldehyde resins have not been used to any great extent 
with dr\4ng oils except when combined in polyester resins. Here the 
alcohol-soluble type of urea formaldehyde resins are employed and 

TABLE II 

Properties of VAR^^sH Resins 

1 

Melting Add 

Point, ®C Number 

— \ 

I 

80-90 5-10 

120-160 15-30 

115-120 15-20 

130-150 25-40 

100-125 -80 

70-100 , 10-60 

llS-130 j 0-4 

Plastic I 10-40 

150-160 0 

150 . 

100-120 0-1 

150-190 0 


Type 


Rosin glyceride 
Rosin-modified phenolic 
Terpene phenolic 
Rosin maleic 
Reactive phenolic 
Pure phenoUc 
Polyterpenes 
Pblyester 

Coumarone indene 
Chlorinated rubber 
I^troleum resin 
Ethylcellulose 


Spedfic 

Gravity 


1.10 

1.10-1.15 

1.10 

1.15 

1.30 

1.15 

1.00 

1 . 0 - 1.1 
1.08 
1.64 
1.02 
1.15 


Refractive 

Index 


1.55 

1.54-1.59 

1.54 

1.6 

1.62-1.69 

1.6 

1.48-1.50 

1.65 

1.56 
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polymerize on baking. There is apparently some combination of the 
two resins through hydroxyl groups in the polyester resin. 

Synthetic resins are added to dry'ing oils to improve their hardness, 
rate of drying, gloss, resistance to water, toughness, and many other 
properties. With the w^ide choice of synthetic resins, drying oils and 
pigments, and choice of conditions of processing and ratio of oil to 
resin, a wide variety of paints and varnishes with properties to suit 
diflFerent requirements is possible. The properties of synthetic resins 
used with drying oils are shown in Table IL 

S 3 nithetic Drying Oils 

The naturally occurring oils, as linseed, soya, and tung oil, do not 
always have all the properties that are desired in a drying oil, and 
there are several methods of improving the properties of drying oils. 
In most cases the methods consist of increasing the unsaturation of the 
drying oils or of increasing the reactivity of the unsaturated groups. 
Tung oil is the most reactive of the dr}’ing oils, and, since it can no 
longer be imported from the Far East, there have been numerous at¬ 
tempts to duplicate its properties. 

Since some oils, particularly fish oils, consist of glycerides of highly 
unsaturated and of saturated fatty acids, these are liberated by hydrol¬ 
ysis and fractionated to separate the saturated from the unsaturated 
fatty acids. The unsaturated acids are then esterified with glycerol to 
form a more unsaturated glyceride than the original oil. 

Oils with low iodine value, as soya oil, may be improved by solvent 
extraction with selective solvents, as furfural, which remove the satu¬ 
rated glycerides and give an improved oil of higher iodine value. Cas¬ 
tor oil has been used as a source of an improved drying oil since it 
consists largely of glycerides of ricinoleic acid. 

H H 

CH3(CH2)5—CHOH—CHz—C=C(CH2)7C00H 

However, when the hydroxyl group is removed by dehydration, a sec¬ 
ond double bond is introduced into the molecule, and the oil dries read¬ 
ily. Since the double bond may be formed in one of two positions a 
mixture of 9-11 (I) and 9-12 (II) linoleic acid glycerides is formed 
in the dehydration, the latter being present in the greatest amounts. 
The 9-11 linoleic being conjugated, is the more active form. 

CH3(CH2)5CH=CH—CH=CH(CH2)7C00H 

I 

CH3(CH2)4CH=CHCH2CH=CH(CH2)7CC)0H 

II 
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It has been found that on heating the soaps of non-conjugated di- 

t^^ ac ^is in the presence of alkalies, a rearrangement to 
the conjugated form occurs. The acids may be fractionated to remove 
the saturated acids and the unsaturated acids esterified with glycerol. 
These glycerides body rapidly on heating in the varnish kettle but do 
not dry rapidly in thin films. 

Drying-oil films tend to hydrolyze in the presence of moisture, and 
several unsaturated hydrocarbon materials have been suggested which 
are largely free from attack by moisture. None of these materials has 
proved a satisfactory replacement for drying oils because they usually 
form brittle films, and also because they are often quite dark in color. 
They have been used with some success in combination with diying oils, 
and in some cases their use results in improved resistance to water and 
to organic solvents. 


Cellulose Esters and Ethers in Protective Coatings 

In the case of varnishes and paints considered above, further poly¬ 
merization occurs as the film dries. This takes time even when drying 
is accelerated by baking. Where faster drynng is required, vehicles 
are employed w’hich harden as soon as the solvent has evaporated. By 
use of volatile solvents, drydng is complete in a very short time. Cellu¬ 
lose esters and more recently cellulose ethers have been used for this 
type of vehicle. 

There are many t}*pes of cellulose nitrate, and, for lacquers, low vis¬ 
cosity types are preferred since a higher solids content is possible. 
Polyester resins are used as plasticizers for cellulose nitrate since the 
unplasticized cellulose nitrate film is not sufficiently flexible for many 
needs. There is a trend toward the use of more polyester resin in 
lacquers and smaller amounts of cellulose nitrate to obtain a higher 
content of solids in the lacquer. Hard resins are also used wnth cellu¬ 
lose nitrate to improve gloss and appearance of films; natural resins 
and maleic-rosin resins have often been used for this purpose. 

Cellulose acetate, cellulose acetate propionate, and acetate but>Tate 
have also been used for protective coatings, and are used where better 
color and solvent resistance are required. Plasticizers are required, and 
phthalate esters are often used for this purpose. Cellulose acetate is 
compatible with but few^ resins and they usually are not added. 

Ethylcellulose is compatible with a wide variety of resins and can be 
incorporated with drying oils. It is incorporated with dr> ing oils by 
heating with the oil at 425° F or higher temperatures. Presence of 
free fatty acids improves the solubility of ethylcellulose in drying oils. 

Because of the limited solubility of cellulose derivatives, solvents 
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must be carefully chosen. Where several solvents are used, they must 
be balanced so that the cellulose derivative does not precipitate from 
solution because of more rapid evaporation of the good solvents. Less 
expensive diluents are frequently used. 

Resins from Rubber 

Rubber chloride has been used where protective coatings resistant t«) 
acids and alkalies are required. Drying oils have been used to improve 
the flexibility of the films of rubber chloride. Aromatic hydrocarbons 
and chlorinated hydrocarbons may be the solvents. Other resins from 
rubber have also been used in protective coatings (4j. 

Vinyl Polymers 

Vinyl acetate has been used as a film-forming material, but its use 
for such purposes has been limited since the films are relatively soft. 
Vinyl chloride-acetate resins are used for protective coatings and have 
good resistance to water and many solvents. They arc solulile in ke¬ 
tones, and aromatic hydrocarbon diluents may be used with them. io 
develop adhesion to metal surfaces, it is usually necessary to bake the 
films. Stabilizers are added to prevent the deconijKisition of the resin. 

Acrylate and methacrylate resins have been userl also {or protective 
coatings. They are soluble in a wide variety of organic solvents, j>os- 
sess good resistance to water, light, and many solvents (4). 


REVIEW QUESTIONS 

1. Distinguish between types of resins with film-forming properties and 
those used to reinforce films. 

2. How do drying oils polymerize at high temperatures; at ordinary 
temperatures ? 

3. What types of chemical reaction occur between resins and drying 
oils ? 
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preparation, 207 
properties, 211 
Polybutene, 222 
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Polyisobutylene, 222-230 
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chemistry, 175-182 ^ 
chlorination, 262 
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Solubility, 49 
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history, 174 
production, 7, 15, 175 
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Urea, manufacture, 81 
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